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ABSTRACT OF THE THESIS

The Effects of Diet Calcium, Protein and Acidity

on Calcium Retention in the Rat, Particularly

as Related to the Inner and Outer Surfaces

of Tubular Bone: A Possible Model for th,

Treatment or Prevention of Osteoporosis

by JOSEPH E. MILLIGAN, D.V.M., Ph.D.

Thesis Director: Professor Joseph Liston Evans

The effects of graded levels of diet calcium, protein

and acidity on radiographic and gravimetric measurements,

and on mineral composition of femurs were studied in Long

Evans, young and old, female rats.

Calcium depletion produces osteopenia ("osteoporosis")

in the young rat, through the mechanisms of increased bone

resorption and decreased deposition, while calcium reple-

tion overcomes this "osteoporotic" condition through in-

creased tone deposition and decreased resorption. Increas-

ing the repletion diet calcium level from 0.22 to 0.78%

Improves the degree of recovery from "osteoporosis" in

young rats. Old rats are more refractory to changes in

diet calcium, probably due to a smaller exchangeable calci-

um pool in the bone of older animals. Nevertheless, in-

creasing the repletion diet calcium level from 0.22 to 0.78"

increases bone density in old rats. This finding gives

hope that, despite the refractoriness of mature bone, a

diligent program of calcium supplementation might overcome
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the effects of "osteoporosis" In older individuals. This

study also shows that scrum hydroxyproline may be a useful

tool for the early diagnosis of "osteoporosis" In the aged

when other clinlcal signs are still negative.

With increased diet calcium, femur potassium percent

in ash is decreased in both young and old rats. Otherwise,

bone (as a t.issue) is chemically unaffected by diet treat-

ment. Aging, on the other hand, creates some significant

differences in femur mineral composition, including higher

femur calcium, magnesium, sodium, copper, iron and zinc and

lower femur potassium and manganese percent in ash.

Increasing diet protein results in increased bon-

turnover at both bone surfaces, as well as increased corti-

cal area and bone density in young rats. Total cortical

thickness, percent cortical area and cortical index, however,

are reduced. Therefore, In the young growing rat, maximal

skeletal growth rate stimulated by high diet protein may be

incompatible with optimal skeletal characteristics. Excess

diet protein results in osteopenia in old rats. This un-

desirable skeletal characteristic is not detectable by

radiogrammetry or mineral analyses. High acid diets cause

"osteoporosis" in rats, through increased osteocytic re-

sorption of bone. However, chemically, the remaining bone

(as a tissue) is unchanged by diet acidity.

The effects of graded levels of diet calcium, protein

and acidity on soft tissue calcification were also studied

In female rats fed diets with varying magnesium levels which
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the presence of low diet magnesium diminish the severity of

nephrocalcliaosis. lncrt-ased- dit,- protein per 3e has no

significant effeot on sort tissue calcification.

Cholesterolemla was also observed to be affected by

dlet treatment. When the diet calcium to phosphorus ratio

is either high or low, the serum cholesterol levels of

both young and old rats are lower than when the diet calci-

um to phosphorus ratio Is nearly equal. Excess diet protein

results In decreased serum cholesterol levels in both young

and old rats while diet acidity has a quadratic effect.
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ABSTRACT OF TilE THESIS

The Effects of Diet Calcium, Protein and Acidity

on Calcium Retention in the Rat, Particularly

as Related to the Inner and Outer Surfaces

of Tubular Bone: A Possible Model for th0

Treatment or Prevention of Osteoporosis

by JOSEPH E. MILLIGAN, D.V.M., Ph.D.

Thesis Director: Professor Joseph Liston Evans

The effects of graded levels of diet calcium, protein

and acidity on radiographic and gravimetric measurements,

and on mineral composition of femurs were studied in Long

Evans, young and old, female rats.

Calcium depletion produces osteopenia ("osteoporosis")

in the young rat, through the mechanisms of increased bone

resorption and decreased deposition, while calcium reple-

t Ion overcomes this "osteoporotic" condition through in-

creased bone deposition and decreased resorption. Increas-

ing the repletion diet calcium level from 0.22 to 0.78%

Improves the degree of recovery from "osteoporosis" in

young rats. Old rats are more refractory to changes in

diet calcium, probably due to a smaller exchangeable calci-

um pool in the bone of older animals. Nevertheless, in-

creasing the repletion diet calcium level from 0.22 to 0.78!

increases bone density In old rats. This finding gives

hope that, despite the refractoriness of mature bone, a

diligent program of calcium supplementation might overcome
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+-Ie effects 'If "oepo-ss In old|er individuals. This

study also shows that .erum hydroxyproline may be a useful

tool. for the early diagnosis, of' "osteoporosis" In the aged

when other clinical signs are still negative.

With Increased diet calcium, rlemur potassium percent '

in ash is decreased in both youm; and old rats. Otherwise,

boine (a:i a tissue) Is chemically unaffected by diet treat-

inert. Atinge, on the other hand, creates some significant

differences in femur mineral composition, including higher

femur calcium, magnesium, sodium, copper, iron and zinc and I
lower femur potassium and manganese percent in ash.

increasing diet protein results in increased bon-

L.urnover at boToh bone surfaces, as well as increased corti-

cal area and bone density in young rats. Total cortical

thickness, percent cortical area and cortical index, however,

are•( reduce.d. Therefore, In the young growing rat, maximal

skeletal growth rate stimulated by high diet protein may be

incompatible with optimal skeletal characteristics. Excess

diet prote!n results in osteopenia in old rats. This un-

desirable skeletal characteristic is not detectable by

rajiogrammetry or mineral analyses. High acid diets cause

* "osteoporosis" in rats, through increased osteocytic re-

sorption of bone. However, chemically, the remaining bone

(as a tissue) is unchanged by diet acidity.

The effects of vraded levels of diet calcium, protein

and acidity on soft tissue calcification were also studied

lin female rats fed diets with varying magnesium levels which
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met National Research Council requirements but which in-

duced elevated kidney calcium levels as reported by some

researchers. Low magnesium diets in the young growing rat

Indueed nephrocalcinosis which was shown by histopathologic

examination to be an intracellular-initiated dystrophic

calcification. In the young rat fed low diet magnesium,

increased diet calcium apparently limits nephrocalcinosis,
4

although "ne effects of diet acidity are less clear. Nephro-

calcinosis occurs as a further complication of metabolic

acidosis following low diet magnesium and calcium deficiency.

However, both chronic metabolic acidosis and alkalosis in
*

the presence of low diet magnesium diminish the severity of

nephrocalcinosis. lncreased dVet iprotein per se has no

significant effect on soft tissue calcification.

Cholesterolemla was also observed to be affected by

diet treatment. When the diet calcium to phosphorus ratio

is either high or low, the serum cholesterol levels of

both young and olJ rats are lower than when the diet calci-

um to phosphorus ratio Is nearly equal. Excess diet protein

results in decreased serum cholesterol levels in both young

and old rats while diet acidity has a quadratic effect.

Aging results in higher cholesterol levels.
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I. IINTRODUCTION

Me.tabolic bone diseases can be classified into two

categories: osteomegaly (too much bone), and osteopenla (too

little bone).

O:ntoort 1 y ro:a:ut1t:• from osteopetrosis which is too

little resorption of bone. It is characterized by nutrition-

al secondary hypercalcitoninism (171,172,174,175).

Osteopenia can result from either too much resorption

of bone or too little formation of bone. Too much resorption

of bone (generalized osteodystrophia fibrosa) is character-

ized by either primary hyperparathyroidism, renal secondary

hyperparathyroidism, or nutritional secondary hyperpara-

thyroidism (166).

Too little formation of bone can be categorized into

either too little mineralization of osteoid or too little

formation of matrix. When osteold is under mineralized, the

ynling develop rickets and adults, osteomalacia (166).

Too little formation of matrix is osteoporosis (166).

The term osteoporosis is sometimes used interchangeably with

osteopenia to indicate an absolute loss of bone substance.

Osteoporosis, or more correctly osteopenia, is seen

clinically in association with many conditions. It may be

found In the presence of overt endocrinopathies such as

hyperparathryoidism, hyperthyroidism, hyperadrenocoriticism,

or acromegaly. It may be associated with malignant lesions

(either primary or secondary) of the skeletal system. It may
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also be found In association with disorders of the skeleton,

e.g., osteomyelitis, disorders of the Joints, e.g., rheuma-

toid arthritis, and in condition, of Immobi]ization, either

of a specific portion, or the entire, body (200).

A dietary cause of osteopenia has been shown in the

horse (154), cow (316), pig (58), dog (137,170,268), cat

(168,170,268,275), rat (88), moune (278) and rabbit (153),

and suggested In man (159,26.3). Diets which have inadequate

Ca or excessive P can produce osteopenia. There is also

recent evidence that dietary acidity can lead to osteopenia

in the rat (231).

In thnt nnimal closest to man, the chimpanzee, the

recommended Ca:P ratio is 1:0.77 (229). A 1955 USDA survey -

indicated that the average American consumed a diet having

a Ca level barely adequate according to NRC recommendations

(228) and a Ca:P ratio of 1:1.5 (298). A similar USDA survey

In 1965 (299) showed the American diet to have a 1:1.6 Ca:P

ratio. A 1975 USDA survey (299) showed the American diet to

have a 1:1.7 Ca:P ratio. The 1975 USDA survey also showed

that the production of milk and milk products (the source of j
75% of our dietary Ca) had decreased by 15% during 1955-1975.

During the same period, the production of meats (our richest

P source) increased 165 (299). The USDA surveys concern gros3

food production. Food waste and uneven distribution are not

considered. AccoedIng to these USDA figures, the Ca avail-

able in the average American's diet does not meet the re-

quirements for adults, and far less for the growing

-7-- , "--" '' - _ ____,, • ... . ... .
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population, pregnant or lactating women, and other indi-

viduals under Ca stress such as the military pilot In a high

"0 environment or the astronaut in prolonged space travel.

These USDA surveys do not consider the so-called "Junk

* foods" so prevalent in the American diet. These "Junk foods",

practically devoid of Ca and high In P, increase the imbalance

In Ca:P ratio. Many of these foods, particularly soda pops,

are also highly acidic and may therefore be a predisposing

factor of generalized osteopenia. Since the publishing of

these USDA reports, the quantity or meat protein (an acid-

producing substance) consumed by the average American has

further increased (300). Our changing food habits have the

potential of making a bad situation worse.

The clinical diagnosis of osteopenia is made on the

basis of symptoms of backache and pain associated with ob-

jective evidence of fractures and loss of skeletal mineral

(200). However, 30% or more of the bone mineral can be lost

before osteopenia is clinically detectable by radiography,

-ven in patients with biopsy-proven hyperparathyroidism (248).

Serum Ca levels are also not clinically diagnostic of I
osteopenia since 25-30% of the total body Ca can be lost with

no change In serum Ca (159). The diagnosis of osteopenia,

In practice, therefore implies a considerable loss of total

mineral from the affected skeletal areas.

Clinically undetectable, generalized, chronic osteopenla

predisposes the geriatric to injury (200). Osteopenia of

the spine-predisposes to pain and injury during bail out,

7 ..
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crash landing, or high G's experienced in modern military

aircraft or during re-entry from space. It also complicates

Ca loss during weightlessness (253). In a survey of bailout

injuries, it was found that musculoskeletal injuries are

exceedingly common and often leave permanent injury (157,233).

Osteopenla may predispose to spinal injury which continues

to he a major problem associated with sports injuries, and

commercial automobile and aircraft crashes. Osteopenia may

also predispose to spinal injury encountered among parachut-

ists and recently in an increasing number of snowmobile
accidents (157).

Generalized osteopenia has been found in persons with

generalized malnutrition, such as were seen during World

War II in concentration camps (200). Prisoners of war re-

turned from Southeast Asia had peridontal disease (an early

indication of generalized osteopenia) and it is well documen-

ted that the oriental diet on which these prisoners subsisted

was seriously deficient in Ca (203).

it is therefore important to develop a diet which will

prevent, limit or even reverse osteopenla. Since the foods

high in Ca (such as milk and cheese) are also high in P, they

cannot adequately be used to correct the Ca:P imbalance of

the diet. A Ca supplementation of the diet may therefore be

indicated as a means of eliminating or limiting osteopenia.

Based on the possible relationship between dietary acidity

and osteopenia, and an increase of acidic and acid-producing

foods in the American diet, either reduction of the amount of

&
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these acid and acid-producing foods in the diet, or the

buffering of these foods may also be indicated.

Although the trials reported in this manuscript were

directed toward the goal of limiting or reversing osteopenia,

* it was also expected that information would be obtained in

these other medically important areas: (1) humans taking Ca

supplements over a long per!.,d of time have shown a decrease

in blood pressure and a lowering of serum cholesterol (173)

and (2) rats on prolonged acid feeding have shown decreased

serum Ca levels (231), a factor which could lead to hyperpara-

thyroidism and it; consequences such as nephrocalcinosis (71),

renal lithiasis (236), and soft tissue calcification (153). j

* I

Ii
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II. REVIEW OF LITERATURE

A. Bone and Bones

1. Definitions

* "Although created and constantly molded by man,
language and linguistic terms influence man's thinking
to an astonishing degree. All too often, linguistic
ambiguities are the cause of unnecessary confusion. It
is then that a clarification of terms and their use is
imperative."

"Dry bones consist of bone only; hence the use of
the same word bone for the tissue bone and for the organ
bone as a unit of the skeleton, which has confused and
complicated the understanding of this chapter in biology.
The pathologist speaks of bone tumors and means tumors
of the bones. The anatomist speaks of membranous and
endochondral bone formation instead of formation of
bones. This leads, in the first case, to the greatest
difficulties in establishing a natural classification
of the tumors of the skeleton - the bones - and, in the
second, to a perpetuation of the idea of two different
types or kinds of bone tissue. There is only one type 4
of development of bone. But there are two types of
development of bones."

"There is a simple way out of these difficulties

leading to great clarity:

Bone is a lissue.

Bones are Organs." 11

2. Bone as a Tissue

Bone is a tissue which is renewed by continuous

anabollic (apposition) and catabolic (resorption) processes.

a. Bone apposition

Bone formation involves two distinct fundamental

processes: (1) construction of an organic matrix and (2)

Quoted from the textbook "Bone and Bones" by Weinmann and
Sicher, Mosby, St. Louis, 1955.
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deposition of bone salt in this matrix (171). Terms such

as endochondral and intramembranous bone formation are mis- I

leading; they refer to growth of bones or organs rather than

bone as a tissue. Bone is formed by osteoblasts only (246). A

(1) construction of an organix matrix

In areas of developing bone, cells derived

from primitive mesenchyme turn into osteoblasts, which appear

to be responsible for laying down the intracellular organic

matrix (osteold). This has two main components: (a) the

protein, collagen, arranged in bundles of long parallel fibers

so that the bundles themselves run in many different direc-

tions, and (b) the so-called ground substance, consisting

mainly of mucoprotein and mucopolysaccharide, resembling

chondroitin sulfate, but not yet definitely characterized.

The collagen fibers are embedded in this mucopolysaccharide

ground substance, which may be regarded as a sort of cement-

ing material (184). It has been shown that bone crystal

morphology, as well as orientation, is in some way connected

to the collagen fraction (246).

Osteoblasts lay down the organic matrix (the osteoid)

on such surfaces as the chondroid core of the primary

I *spongiosa, an already existing bont surface, and the inner

layer of the periosteum. The Golgi apparatus in an osteo-

oi blast specializes in synthesizing and secreting the mucopoly-

:' saccharide cementing material while the endoplasmic reticulum

of the osteoblast makes and secretes collagen. In time,

relatively large amounts of the cementing substance

! -~
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accumulate around each individual osteoblast and numerous

bundles of collagen fibers come to be embedded in it (246). U

Collagen is a protein, which has a unique amino acid

content. Glycine residues make up approximately 33% of the

molecule, proline and hydroxyproline residues each compose

approximately 10% (184), with lessLr amounts of other amino

acids found, including hydroxylysine residues which are about

1% of the molecule (255). Collagen Is made of units of

molecular weight 300,000, which are known as tropocollagen.

These are rodlike and have a length of 300 nanometers and a

width of 1.4 nanometers. Each of these units consists of

three peptide chains wound around each other in a right-

handed helix, which is stabilized by hydrogen bonding between

the Thalris (184).

To form collagen, these rods are laid down in a manner

so as to first give rise to immature soluble collagen,

which lacks covalent cross-links between tropocollagen rods

and is maintained as a discrete pool. As the overall size

Increases, eventually the mature insoluble collagen Is pro-

duced with extensive covalent cross-links between rods.

Mature insoluble collagen forms cartilage and bone osteold

when combined with the appropriate mucoproteins and mucopoly-

saccharides (184). The synthesis of the hydroxyamino acids,

hydroxyproline and hydroxylysine, is unique In that these two

amino acids do not normally exist free In the fibroblast or

osteoblast. Their precursors, proline and lysine, are first

incorporated Into a large intracellular peptide molecule,
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protocollagen. Upon reaching an appropriate length, proto-

collagen then serves as a specific substrate for two hydro-

xylating enzymes which catalyze the hydroxylation of specific

IM proline and lysine residues (255). Ascorbic acid is a co-

factor for the hydroxylaze (184).

Together the collagen fraction and the amorphous fraction

* comprise the organic matrix of bone (12,48). The amorphous

fraction of bone supplies the inttrnal environment for the

crystals of bone mineral, for the collagen fibers, and for

the cells incorporated within bone (osteocytes) (217).

(2) deposition of bone salt in the osteoid

The osteoblasts become trapped in the osteoid j

(organic matrix) which they manufacture and are, from then

on, called osteocytes. Osteocytes are the living elements

of bone. Their function is concerned chiefly with mainte-

nance of the integrity of the organic mato'ix of bone. The

metabolic activity of the osteocytes is reflected in the

composition and chemical reactions of the amorphous fraction.

The osteocytes may influence both the metabolism and the

composition of the intercellular substance (196).

Under normal conditions, the osteoid is mineralized to

a great extent (about 70%) almost immediately. The remain-

ing mineralization is a slower, more gradual process (184).

Bone mineral has been shown to consist of three Ca-P pools:

a noncrystalline (amorphous) phase, an octacalclum phosphate

phase, and a crystalline (apatite) phase (115). Forty per-

cent of the total mineral in mature compact bone is present

Li I II__I I I
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in the form of the noncrystalline component. This percentage

is even higher in younger bone (284,291). It has been postu-

lated that in bone formation the cells, by some active process,

form. noncrystalline Ca-P and subsequently, part of this pool Sj
Is stabilized while part is transformed, by dissolution and

reprecipitation, Into the crystalline constituent (85). It

has also been suggested that crystalline hydroxyapatite isa}

formed by a sequence of reactions beginning with Ca and

phosphate ions in solution, forming in sequence amorphous

Ca-P, oetacalcium phosphate (with a Ca:P molar ratio of 8:6),

and finally hydroxyapatite (115).

The apatites of bone are primarily hydroxvapatite which

has the composition Ca 1 0 (P0 4 ) 6 (OH) 2 (230). Most co the

apatites form very small or poorly formed crystals. Within

the crystal lattice of bone apatite, ions of similar size

are to a variable degree interchangeable. For example, F

can exchange for hydroxyl or Sr for Ca. Also, the enormous

surface area exposed by the small crystals permits extensive

adsorption of materials onto the surface of the crystals

(134). Bone also contains considerable water (265). Much

of this water comprises a fluid that simply fills the open

9 spaces in the bone matrix and presumably has a composition

similar to that of the extracellular fluid. The remainder

is tightly bound to the crystals, the so-called "hydration

shell." Apparently, only certain ions can enter the hydration

shell (230). Thus bone always contains a large variety of

materials other than those which compose hydroxyapatite.

____ ____ ___..~rr?
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The amount:- of some of these constituents which are not

considered an integral part of the bone mineral are quanti-

tatively important. It has been estimated that as much as

60% of the total body Mpg, 25% of.the Na, '0% of the carbonate,

and 905 of the citrate may occur in bone (265), depending in

part upon the nature of the diet. Bone formed with a normal

Mi, content, for example, may provide considerable rererve

in time of need, whereas if the bone were formed with limited

Mg, much less would be available (190).

The exact biochemical processes leading to calcificatiorn

of the osteoid are not well understood. The concentration

of Ca and P In the extracellular fluid is supersaturated in

relation to hydroxyapatite. Crystal formation is initiated

and the concentration of the eXtracellular Ca and P ions is

:.ufficient to zustain crystal growth (184).

b. Bone resorption

Resorption of bone means the simultaneous re-

moval of the bone matrix and minerals. It has been suggested

that the three types of cells that characterize bone (ostec-

blasts, osteocytes and osteoclasts) are closely interrelated

and are readily transformed one into the other, in both

structure and function (136). As previously mentioned, bone

Is formed by osteoblasts only (246). Bone resorption, how-

ever, occurs by two different mechanisms: osteoclasia and

osteolysis (32).

(1) osteoclasia

Osteoclasia defines a surface resorption of
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bone tissue brought about by the action of osteoclasts.

These cells are multinucleated giant cells, typically lo-

cated in a Howship's lacuna during the active phase. Osteo-

clasia may occur on surfaces of trabeculae, on the subperios-

* teal and medullary surfaces, and on the surface of Haversian

and Volksmann's canals (281). The exact nature of the mode

of action of the osteoclasts Is not known. It has been

suggested that the solution of mineral in the osteoclastic

resorption of bone is accomplished by chelation (216).

Studies have shown that the osteoclastic brush borders are

of particular significance in this function (177). During

resorption, the osteoclasts manufacture acid phosphatase

which lowers the pH in the cytoplasm and in the surrounding

bone tissue.

(2) osteolysis

Osteocytic osteolysis defines a deep seated

resorption centered around the activity of old osteocytes.

In bone trabeculae, the most superficial, recently trapped

osteocytes are relatively large and, like the osteoblasts,

they contain alkaline phosphatase. At somewhat greater

a distance from the apposition surface, they are small, elon-

gated and show no alkaline phosphatase. In the deepest part

of the trabeculae, the osteolytic process is characterized

i by a number of changes: the osteocyte and its lacuna are

larger; alkaline phosphatase reappears in the cytoplasm of

the osteocytes and in the adjacent bore matrix; there is I

loss of mineral around the resorbing osteccyte; and there

-.... - -... t ~- 4.. . .
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is degradation of the polysaccharides in the matrix,

degradation of the collagen fraction of the matrix and loss

of matrix around the resorbing osteocyte (31).

(3) relative importance of osteoclasia and

osteolysis

Numerous studies have shown that osteolysis

is by far the most important mechanism in bone resorption

(31,32,137), both under physiological conditions and In

pathologically enhanced resorption. Osteoclasia is concerned

with removal of already altered bone, e.g., necrotic bone at

a fracture site or bone altered by osteolysis (32).

Bone renewal is a physiological process in which the

resorptive phase alms at maintenance of proper plasma Ca

levels. The natural target for resorption is the bone tissue

richest in minerals, I.e., the oldest bone. The oldest bone

is contained deep in trabeculae In the periphery of

osteons. These are exactly the areas where osteolysis

occurs (31).

Osteoclasia is a surface resorption. If osteoclasia

were of any importance in the normal turnover of bone, this

would, It seems, be a mismanagement of natural resources.

Osteoclasia can concern only resorption of superficial,

relatively Ca-poor bone and not the deep-seated, relatively

Ca-rich bone (31,32).

(4) bone flow

The bone flow concept defines a view that

bone tissue, and its variants dentin and cerientum, are in
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a constant flow from the site of apposition to the site of

osteolysis. The concept that hard tissue is capable of

movement In space was introduced already In 1691 by Havers

but has been denied vigorously for about 275 years (169).

Recent advances in the understanding of bone metabolism have

reinstated this concept. Belanger and Migicovsky (30) showed

that tritiated thymidine in.jected into young chickens could

be traced in the nuclei of osteoblasts within two hours.

After one day, radiothymidine wan located In superficial

osteocytes and after two days deeper in the bone tissue.

After four days, the isotope began to disappear in the center

of trabeculae and after seven days it was all gone. Belanger

interpreted this as an indication that "the older osteocytes

have already died and that a constant replacement stream is

moving in from the border."

Ostocytic osteolysis and bone flow are interdependent

events arid can be summarized as follows: cancellous bone

Is formed on the surface of trabeculae, flows toward the

deeppst portion and is resorbed by osteolysis; compact bone

is formed on the surface of the Haversian canal and flows

peripherally to be resorbed by osteolysis in the peripheral

lamellae; dentin is formed on the surface facing the pulp

cavity and flows peripherally, the mode of a presumed

dentinolysis being unknown; cenentum Is formed on the surface,

flows toward the cementodentilial Junction and is resorbed by

cementolysis (169). I
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(5) hormonal control of bone resorption

Bone resorption aims at maintenance of proper

plasma Ca levels and the rate Is controlled by the plasma Ca

through two hormones: parathormone (PTH) and calcitonin (CT).

Parathormone plays the principal role in Ca homeostasis

(51). Its secretion is stimulated by hypocalcemia. One of

the functions of PTII Is to increase bone resorption and

increase the transport of Ca from the bone to Its surround-

Ing fluids (160,262). The direct action of PTH on bone was

f'irst demonstrated in 1948 when resorption was observed

adjacent to parathyroid glands transplanted to the surface

of bone (18). The mechanism appears to have two stages. In

the initial stage, PTH interacts with receptors found on the

ceil'membrane. This interaction leads to activation of adenyl

cyclase and increased conversion of ATP to cAMP (14). Careful

measurements in vivo immediately after PTH infusion Indicate

that there Is an Initial short period of hypocalcemia. This

is due to an initial increased influx of Ca Into osteocytes,

where Ca and cAMP act as messengers In preparing the cells

for bone resorption (255,264). This osteocytic Ca mobiliza-

tion occurs rapidly and does not depend on new RNA synthesis.

The second stage involves a more prolonged mobilization of

Ca. This is brought about by an increase in the number and

activity of osteoclasts as a result of increased RNA, DNA

and protein synthesis (42,235,288). An increased lactate

production by rat calvarla has been reported 2 minutes after

PTH administration (135) and a cell membrane depolarization

W.. ..
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15 mlnutves laterz (218). The final result is an increase in

efflux of Ca from bone cells due to the PTH stimulated osteo-

:ytic onteolysis (147). It has also been shown that within

30 minutes of PTI| infusion, both the number and the density

of intramitochondrial Ca granules in all bone cells increase,

a finding which may be related to their transport activity

(209,211,212).

Other functions of PTH are: (1) to decrease renal

tubular- P reabsorption and increase renal P excretion, which

reduces plasma P and results in a reduced plasma Ca/P product

(allowing increased plasma Ca by increased renal tubular Ca

reabsorption and decreased renal Ca excretion); (2) to in-

crease the solubility of Ca++ and HPO 4-- in plasma; (3) to

increase intestinal absorption of Ca; and (4) to retard

mineralization of osteoid (17,213,225,237).

Calcitonin is manufactured by the thyroid parafolllcular

cells of neural crest origin (186,240). Secretion of CT is

stimulated by hypercalcemia (51). The function of CT is to

decrease plasma Ca by inhibiting bone resorption (6,151,220,

2311,263) and decreasing the transport of Ca from bone to its

surrounding fluids (56,223,251,304). As with PTH, the effects

of CT on skeletal tissue are mediated through cAMP. Calci-

tonin has been shown to activate adenyl cyclase and increase

the conversion of ATP to cAMP in fetal rat calvaria incubated

In vitro (34). The effects of CT and PTH on adenyl cyclase

from fetal calvaria have been shown to be additive, Indicat-

ing that the two hormones activate two separate enzyme



systems (]32). Calcitonin has al:;o been shown to stimulate
the conversion of ATP to cAMP In rat bone in vivo (226).

Calcitonin stimulates the production of adenyl cyclase in

both osteoblasts and osteocytes (280). Calcitonin increase-;

Ca influx but appears to depress Ca efflux in bone cells

(124). It also dramatically increases the number and density

of intramitochondrial Ca granules in osteocytes and osten-

blasts (211,212). In addition, CT has been shown to incrna3e

the membrane potential of osteoclasts (218), to markedly re-

duce the ruffled borders of osteoclasts where osteoclastic

resorption is assumed to occur (155,317), and to produce

flattening of the ruffled border and loss of cytoplasmic

coating from the cell membrane of osteoclasts (155). These

actions of CT result in a direct inhibition of bone resorp-

tion through osteoclasia (lC4) and osteocytic osteolysis

(174).

Other hormones have been shown tO play a role in bone

resorption and apposition. Growth hormone (72), estrogen

(59,254), and progesterone in synergism with estrogen (zg903

have all been shown to oppose bone resorption. Prostagland~n,

on the other hand, Is a potent resorption - stimulating

factor (294), while thyroxine apparently increases both re-

sorption and apposition of bone (165,221).

3. Bones as Organs

a. Growth of bones

Multiple studies employing radiographic and

other techniques have demonstrated the course of bone gain,t
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the phases of bone loss, and Ute principles of bone remodel-

ing (89,108). Growth of long bones is a complex procedure.

The two ends elongate at different and changing rates. A

three phase simultaneous mechanism is involved in growth and

elongation of long bones. The bone as a whole elongates by

growth at Lhe epiphyseal plate and the articular cartilage

(46). Meanwhile, surface remodeling straightens the diverg-

ing walls of the conical region of the shaft. Subperlosteal

apposition and endosteal resorption occur in the cylindrical

portion of the shaft while subperiosteal resorption and

endostcal apposition take place in the conical area (46,89,

185).

Growth of other bones is similar. Vertebrae grow from

the epiphyseal plates and from the cartilaginous end plates

facing the discs. Some mammals, e.g. man, rat and mouse,

have no vertebral epiphyseal plates and their vertebrae grow

from the cartilaginous end plates only. Flat bones grow

from sutures (46).

b. The epiphyseal plate

In the growing individual there are three

zones in the epiphyseal plate: (1) zone of resting cartilage

(zone of proliferation); (2) zone of columnar cartilage (zone

of maturation); and (3) zone of vesicular cartilage (zone of

hypertrophy). The first zone is narrow and relatively poor

In cells. The other two zones are of about equal thickness

and the cells Increase in size toward the metaphyseal end

(46).

..
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Proliferation of' cells occurs by mitotic division of

resting cartilage cells, a process controlled by growth

hormone. The maturation and hypertrophy of cartilage is

controlled by thyroxin (46).

The matrfx between the most distal vesicular cartilage

cells becomes mineralized. This is the zone of provisional

calcification. The vesicular cells facing the metaphysis

are large with relatively little chondroid matrix (condrold

core). These cells are penetrated by vessel brushes from

the metsaphysis and disappear. Osteoblasts accompanying the

vessel brushes lay down osteoid on the surface of the

chondrold core. The core continues for some distance through

the primary spongiosa and is completely resorbed in the

secondary spongiosa (46). The resorbing cell is the osteo-

cyte and, since chondroid matrix is the target for this re-

sorption, the process is called chondrolysis. The chondroid

matrix Is resorbed in the center of the bony trabeculae where

1nere avc no surfaces. Therefore cnondroclasia via osteo-

clasts Is riot a factor (31,32).

Cessation of longitudinal growth coincides with sexual

maturity. The estrogens and testosterone counteract the

growth hormone and proliferation of resting cartilage ceases.

The existing columnar and vesicular carti- •ge continues to

mature under the influence of thyroxin. The plate therefore

gradually diminishes in thickness and finally disappears.

Communication Is established between the epiphysis and meta-

physis. This process is called closure of the epiphyseal
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plate (46).

c. The articular cartilage

In the growing individual, articula" cartilage

grows in two directions from a growth center at the junction

Sbetween the middle and inner third of the cartilage. Growth

toward the epiphysis mimnaicks the growth of the epiphyseal

plate but is much slower. Longitudinal growth from the

articular cartilage contributes only 3% of the total length

of a long bone. Growth toward the surface aims at replace-

ment of surface cells lost by wear and tear (46).

Longitudinal growth from the articular cartilage also

ceases with sexual maturity. The proliferation of cells

ceases and the inner part of the cartilage is mineralized.

This inner part is called the zone of calcified cartilage.

Growth toward the surface, however, does not cease. The

surface cells are continuously renewed (46).

d. The :ynchondrosls

A syncondrosis is a cartilaginous joint between

two bones, e.g., the bones of the base of the skull. A

synchondrosis looks like two epiphyseal plates with a common

zone of resting cartilage. The plates cause growth in

opposite directloos. Growth and closure are the same as for

the epiphyseal plates (46).

e. The suture1t
4t

A suture between flat bones consists of a

central portion of well collagenized fibrous tissue. Toward H
the periphery the suture is less dense and the cells graduallyii i

a
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become larger. Facing the bone is a single or double layer

of osteoblasts which lay down bone tissue. The flat bones

thus grow by expansion from the sutures (46).

13. Osteopenta

Osteopenia is simply too little bone. It can be a

result of either too little formation (osteoporosis, rickets,

or osteomalacia) or too much resorption (generalized osteo-

dystrophia fibrosa).

1. Osteoporosis

Osteoporosis is defined as a generalized metabolic

bone disease characterized by osteopenia due to too little

formation of matrix (184). The term osteoporosis is often

erroneously used as a synonym for osteopenia.

a. Etiology

Causes of osteoporosis are not fully under-

stood. The disorder occurs in senility, in disuse atrophy,

in a variety of obscure hormonal imbalances (involving the

adrenals, thyroid, or pituitary), and in some other condi-

tions. Causative mechanisms are thought to include absence

of the stimulation coming from the stresses and strains of

movement, malnutrition (especially with respect to proteins),

and possibly deficiency of estrogen (huma'1 post-menopausal),

excessive adrenal cortical hormone, hyperpituitarism, and

hyperthyroidism. Vitamin C deficiency and copper deficiency

also result in osteoporosis. Considerable attention is

presently being directed toward Ca deficiency as a cause of

osteoporosis (281).

1:0
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b. Pathologic anatomy
4.

In osteoporosis there is, by definition, too

little bone. Osteoblasts are few and far apart along the

apposition surfaces. The remaining ones are atrophic. Bone

trabeculae in the metaphysis are few and slender. Cortical

;;one is thinner then normal and the Haversian canals are

wider. Bone resorption goes on at a reduced rate, although

resorption exceeds production. The remaining bone is

apparently normal (281).

2. Rickets and Osteomalacia

Rickets and its adult counterpart, osteomalacia i

(softening of bones), aiez defined as generalized metabolic

bone disease characterized by osteopenia resulting from too

little mineralization of matrix (281).

a. Etiology

Rickets occurs when the product of Ca++ and

11P04-- in blood plasma decreases too far to allow mineraliza-

tion of osteold. If the product is lowered mainly because

of lnadequztu Ca++, it is referred to as low Ca rickets, and

if due to Insufficient HP04--, it Is a low P rickets. Any-

thing that lowers this prodact is thus of etiologic impor-

tance. Vitamin D deficiency is one of the many causes, but I

while vitamin D deficiency equates rickets, rickets does

not equate vitamin D deficiency. Other causes of osteo- 1
malacia and rickets include dietary qa and P deficiency,

chronic gastrointestinal disorders which cause interference

with mineral absorption, and formation of insoluble salts
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in the intestine (281).
b. Pathologic anatomy

The classic macroscotic feature of rickets and

osteomalacia is the "rosary border" of the costochrondral

junctions. The ribs break like cardboard without a snap.

Deformities and compression fractures of vertebrae are lesions

of more advanced cases and fractures of long bones may also

occur.

The diagnostic features are found in the epiphyseal

plates, costochrondral junctions, and in adjoining trabeculae.

Mineralization does not occur in the zone of provisional

calcification. The distal row of vesicular cartilage cells

is not penetrated by vessels from the metaphysis. The

vessels continue up into the cartilage matrix. Unopened,

large cartilage cells grow down into the metaphysis, either

in single rows, or in large conglomerates. The epiphyseal-

metaphyseal line is therefore very irregular. There is

usually tremendous osteoblastic activity along the trabeculac

with a wide sear: of non-mineralized osteold which stains,

pink with hematoxylin and eosin in a histopathologlc section.

The excessive osteoid accounts for the swelling of the

epiphyseal-metaphyseal area (281).

In osteomalacia, the diagnosis rests upon the demonstra-

tion of the osteoid seams only, since the epiphyseal plates

are closed in the adult (281).

3. Osteodystrophla Fibrosa

Generalized osteodystrophia fibrosa is defined as

jI_
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a generalized metabolic bone disease characterized by osteo-

penia resulting from too much resorption (281).

a. Etiology

A marked increase of bone resorption is a con-

stant feature of fibrous osteodystrophy. It results from a

prolonged and excessive stimulation of bone by PTH. This

may result from primary hyperparathyroidism which is rare

in animals, or secondary hyperparathyroidism in response to

thypocalcemia. Secondary hyperparathyroidism is frequent in

animals with chronic renal disease or chronic nutritional

imbalance, such as vitamin D deficiency, Ca deficiency, ex-

cess dietary P (281), or pos~lbly excess dietary protein

(47,150,301) and/or acidity (231,261).

b. Pathologic anatomy

The most important feature of generalized

osteodystrophia fibrosa is excessive resorption (281).

Osteolysis is the earliest and most important mode of re-

sorption and osteoclasia is or late occurrence, concerned

with removal of bone already altered by osteolysis (31,32).

The bone loss is generalized but there are sites of

predilection where the lesions appear earlier and reach more

severe degree with time. The hierarchy of the bone loss is,

In decreasing order: the jaw bones (especially the alveolar

bone), other skull bones, ribs, vertebrae, and long bones.

The selective involvement show, that cancellous bone is more

predisposed to excessive resorption. When the resorptive

phase Is accentuated in hyperparathyroidism, the bone with

a iJ
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the greatest basal rate naturally suffers most (281).

Resorbed bone is replaced by fibrous tissue. The degree

of proliferation of fibrous tissue varies greatly. Depending

on the degree of fibrosis, volume changes of the bones (as

organs) may occur. We recognize either decreased volume,

unchanged volume, or increased volume of bones with osteo-

S dystrophia fibrosa (184,281).

Increased osteoblastic activity is seen frequently. It

represents an attempt to replace the lost bone. The newly

formed bone matrix is poorly mineralized and these osteold

seams reflect one of the functions of PTH, i.e., to retard

mineralization of osteoid. If minerals gained by resorption

were immediately deposited in newly formed osteoid, they

would not be available for compensation of hypocalcemia (281).

C. Dietary Models for the Treatment of Osteopenia

("0steoporosis")

Despite the complex mechanisms of growth of long bones,

with apposition and resorption at both the subperiosteal and

endosteal surfaces, and continuous remodeling beneath these

surfaces even after epiphyseal closure, it is still possible

to present a simple midshaft model of bone gain and loss,

ignoring the complexities of growth and remodeling.

It has beer. radiographically shown that subperlosteal

apposition occurs throughout life, with an adolescent spurt;

and that endosteal surface change is characterized by pre-

adolescent loss, adolescence through midadulthood gain, and

late ardulthood loss (108). The result is a large increase

M 5-
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in bone mass during childhood through adolescence, a small

and gradual increase f'rom adolescence through midadulthood,

and a gradual and steady decrease in bone mass from mid-

adulthood through the remainder of life.

A frequently asked question is: "why this apparent

inevitable progressive 'osteoporosis' with age?" A number of

hypotheses have been advanced to explain bone gain and loss,

including activity effects, hormonal action, and nutritional
factors. Even though these factors have been shown to

aggravate the severity of "osteoporosis", none of these

hypotheses have adequately explained the incidence of

"osteoporosis" with age.

The lower incidence of "osteoporosis" among blacks is

not due to greater activity, but rather has a genetic epi-

demiologic nature. Blacks have larger bones at al.l ages

than do whites, and less bone is lost from larger, more

compact bones than from smaller, less compact bones (108,301).

Inactivity is of no consequence in bone loss, except in the

case of total immobilization (108,261,301), or the prolonged

effects of zero gravity during space flight (253).

Growth hormone is probably responsible, at least in

part, for continuous subperiosteal apposition throughout

life (108), but the suggested protective effect of estrogens

against endosteal loss has not been substantiated (107,108,

199,261).

Adult bone loss has not been shown to be completely re-

versible by such nutritional factors as Ca feeding, vitamin

S|I ..-.- .. * ' "-------
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D, fluoride, and manipulation of the Ca:P ratio (106-108,

199,261,301). These facts do not preclude a continuing

search for models that will enable us to slow or even re-

I verse progressive endosteal bone loss, and to further enhance

"subperlosteal appos2tlon. Calcium therapy is certainly one

such model. Another model might be the function of bone

mineral as a buffer base.

1. Calcium

The role of Ca deficiency in "osteoporosis" Is yet

to be defined. But "osteoporosis" has beer experimentally

produced in many species (58,88,137,153,154,159,168,170,260,

268,275,278,316) by Ca deficiency and/or P excess.

In a series of long term experiments on rats and mice

(8,278), It has been found that aging in these species is

associated with the development of "osteoporotic" changes In

the skeleton which are analogous to those observed in man.

Unfortunately, this trend could not be fully counteracted by

Increasing the dietary concentration of Ca. Many other

experiments have also indicated an inability U' Ca feeding

to remove "osteoporosis" (106-108,199,261,301).

Despite these setbacks, a search for Ca supplementation

as a model for reversing "osteoporosis" continues. It has

been shown that Ca limits mineral loss from bone cells in

tissue culture (250). Furthermore, alternating infusions of
S

SCa and P increase boner mass by enhancing bone formation (2?5q)

Recent evidence suggests that Ca supplementation re-

verses "osteoporosis" in rats (111). It has also beenii



-28- 4

suggested that oral Ca supplements may promote skeletal

remineralization in humans, based on studies of patients

with renal osteodystrophy (64). Calcium supplementation has

been somewhat effective in Improving breaking strength of

vertebrae in rats with disuse "osteoporosis" (267). Long

term Ca repletion of previously Ca depleted dogs has been

effective in reversing "osteoporosis", aid It has been

suggested that this same therapy may be effective in humans

(170). Calcium therapy has also been shown to be effective

in treating human peridontal disease which is an early form

of generalized "osteoporosis". This indicates that long

term Ca therapy may be effective in treating or preventing

"osteoporosis" of long bones which is a chronic manifestation

of Ca deficient or F excess diets (173,176).

2. Dietary Protein, Acidity and Alkalinity

Qualitatively, bone is a very minor buffer when

compai-ed to the bicarbonate and hemoglobin buffer systems,

but quantitatively the buffering capacity of the basic salts

of bone Is a sizeable one considering the proportion of bone

!in the body (309). Clinical "osteoporosis", or more correct-

ly, osteopenia, is believed to be due to increased bone re-

sorption and may be corrected by any mechanisms which de-

crease bone resorption (199). A slight Ca loss over an

extended period, such as due to buffering of acid, could

cause "osteoporosis" (261). It has long been known that bone

responds to an acid load by dissolution of its basic salts

(4,13). Bone acts to buffer hydrogen Ions and in so doing

K -. -, • . .. . - . . . . -. ... • . .. . . • • -
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releases Ca ions (282). Bone Ha, Mg and carbonate can con-

tribute to the regulation of acid-base balance, and if the

bone crystals are sacrificed, phosphate is made available to

neutralize hydrogen ions (134). It has therefore been

postulated that "osteoporosis" may be due to life long utili- 4
zation of buffering capacity of the basic salts of bone in

J response to an acid ash diet (301). Nutritional studies In

this respect are therefore important. It is well established

that net acid production is related to nutrition. The herbi-

vorous rabbit for example excretes an alkaline urine, while

the carnivorous dog excretes an acid urine (77). The urine

of omnivorous man is acidic, while that of vegetarian man

is alkaline (301).

Increased diet protein (acid ash) has been shown to

stimulate bone resorption (78), while acid stress lowers

serum Ca in rats (231). Excessive administration of NH4 Cl

to normal adult male rats was shown to cause the development

of "osteoporosis". The "osteoporosis" was due to loss of

bone matrix and bone mineral associated with increased bone

resorption (19). Ammonium chloride induced "osteoporosis"

has similarly been shown in oophorectomized female rats (21).
El

Other studies have also shown that chronic metabolic acidosis

decreases bone carbonate content and increases bone resorp-

tLion in rats (22) and dogs (61).

Protein, acidity and alkalinity might affect Ca re-

tentlon through a number of mechanisms: excretion in the

urine and feces, absorPtion through the gut, direct action
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on bone, or hormonal action.

In normal subjects urinary Ca is related to dietary

Ca (163). Excretion of Ca that is excessive in relation to

intake may be due to an increased filtered load of Ca, de-

creased tubular reabsorption, or a combination of the two

(193,232). It has been shown that an excessive excretion

of urinary Ca can be produced in man by metabolic acidosis

caused by feeding an acid producing (high protein) diet or

through NH Cl ingestion. Inorganic acid feeding also causes

an increase in urinary Ca excretion in man (47,193,287), as

well as in pigs (182,183), and other animals (96,97).

Furthermore, increasing protein in the diet, while maintain-

ing a constant acidity, can in Itself cause a slight but

not necessarily abnormal increase in urinary Ca (163). Con-

versely, while urinary Ca in normal man is not materially

affected by ingestion of NaH2 PO4 (93), it has been shown

that alkali administration (238) and sodium bicarbonate

feeding (86) reduce urinary Ca in human patients with hyper-

calciurla. Therefore, In general it can be stated that

ur-Inary Ca is elevated by metabolic acidosis and reduced by

metabolic alkalosis. This is probably due to a direct action

of extracellular fluid pH on bone mineral, producing small

undetectable changes in plasma Ca and the renal filtration

load of Ca (202). These changes are probably masked, how-

ever, by the effects of acidosis in reducing and alkalosis

In Increasing the protein binding of Ca, since It is pro-

sumed that acidification of the renal tubular fluid In man
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enhances reabsorption of Ca complexes by enhancing their

dissociation into ionized forms (232).

Metabolic acidosis has generally been shown to produce

no change in fecal Ca (93), although one study shows in-

creased fecal Ca with acidosis in man (197).

Naumerous studies both in vivo (188) and in vitro (122,

187,189) have shown that amino acids Increase the solubility

of Ca salts. A study using the small intestine of the rat

shows that Ca is transported across cells mainly, if not

solely, in the ionized state (270), presumably due to acidi-

fication. Likewise, other studies (5,90) have shown that

diets producing acidic conditions in the small intestine of

rats increased Ca absorption. Increasing protein levels in

the diet have also been shown to increase Ca absorption in

both children (128,273) and human adults (178,215,243).

A major point to consider when reviewing the effects of

protein and acidity on Ca excretion and absorption is net Ca

balance. While the effects of protein and/or acid diets on

Ca excretion and absorption are fairly well defined, the

overall effects on Ca retention are less clear. Diets con-

taining IICI have been shown to decrease Ca retention in

rabbits (116) and growing children (289,318), while NaHCO3

had the opposite effect (289,318). Diets containing NH 4Cl

which Is metabolizable to acid decreased Ca retention in

children (241) and'adults-(192).

Protein (acid ash) diets decreased Ca retention in man

"(150,231). Studies with growing rats (5,90), on the otherI !
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hand, have shown that acidic diets increase Ca retention,

while several studies with adult humans have shown protein

(acid ash) diets to likewise increase Ca retention (178,215,

243). Still other studies have shown high protein diets to

have no effect on Ca retention In children (128,273).

The mechanisms through which metabolic acidosis induces

negative Ca balance in some studies are not clear. Barzel

(20) postulated that lowering of pli per se directly increases

Ca mobilization from bone. On the other hand, Wachman and

Bernstein (302) proposed that metabolic acidosis augments

Ca mobilization from bone by either increasing PTH secretion

or augmenting the action of PTH on bone. The complex

mechanisms involved in Ca balance may in part explain the

apparently conflicting postulates (20,302). As has been

seen, Ca balance is affected by urinary Ca excretion and

gastrointestinal absorption as well as by Ca mobilization

from bone. In the kidney, acidosis directly inhibits the V

tubular reabsorption of Ca, but augments the effect of PTH

to Increase tubular reabsorption of Ca (106). Furthermore,

PTH (4), vitaii;Un D (15,118), and CT (104) affect Ca mobiliza-

tion from bone, and the same hormones affect urinary Ca

excretion (307) and gastrointestinal Ca absorption (15,118).

Metabolic acidosis may affect these multiple and interacting

hormonal actions in multiple organs. Therefore, it is

difficult to elucidate the mechanisms involved In negative

Ca bnlance In metabolic acidosis.

It is obvious that much information is still needed on

V
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the effects of protein, acidity, and alkalinity on Ca re-

tention. A major criticism (163) of much of the work so far

accomplished, is that few researchers paid any attention to

dietary Ca and P levels and ratios, and dietary acid/base

status. It should be noted that in those studles where

Ca:? ratios (5,90,178,215,243) and acid/base nalance (5,90,

178,243) were controlled, whole body Ca reteation was im-

proved, nwirir to the protein or acid effect of increasing

(a absorptiorn.

TIt is therefore desirable to conduct controlled studies

in which these variables are eliminated. Furthermore, when

developing protein, acid, or alkaline diets as models for

the possible treatment or prevention of "osteoporosis",

particular emphasis should be placed on the effects of these

parameters on bone andi its active apposition and resorption

3i tes.

D. M.ethods of Detecting Osteopenia ("Osteoporosis")

1. Radiographic Measurements

Radiographic measurements of total tubular bone

width, medullary cavity width, cortical thickness, cortical

•r'.a , pe:rent cortical area and cortical index are more

useful than the general terms "osteopenia" and "osteoporosis"

when examinnIng the effects of dietary factors on bone (110).

Tubular bone width indicates the relative rates of sub-

periosteal apposition. Medullari, cavity width indicates the

relative and proportional endosteal loss/gain/loss of bone.



The cortical area and percent cortical area within the ana-

tomical bone envelope are an indication of the mechanical

properties and strength of bone (109,110). Cortical index

also indicates bone strength.

Thus, the use of radiogrammetry provides information on

changes at both bone surfaces not possible by other tech-

niques (109). However, a problem in evaluating injuries is

the limitation of diagnostic X-ray as an aid to finding small

fractures (157). For instance, in studies concerning re-

straint of Rhesus monkeys in body casts, mineral loss is less

than can be detected in standard radiographs (233). It has

been suggested that 30-50% of bone mineral must be lost or

gained before such changes are clearly apparent from radio-

graphic image (68).

Nevertheless, in extreme cases the degree of cortical

thinning frequently parallels that of cortical bone mineral

density. Therefore, radiographic cortical thickness measure-

ments usually are adequate for the diagnosis of pronounced

"tosteoporosis" (219). Furthermore, in rats it has radio-

graphically been shown that "osteoporosis" exists following

Ca depletion, even though Ca calculated as a percent of fat

free dry bone remains unchanged with dietary treatment (111).

Regardless of the difficulties in diagnosing osteopenia

with radlogrammetry, it is still useful to examine the

correlation of radiographic analysis with other ancillary

measurements such as gravlmetry, mineral analyses, serum

hydroxyproline determinations, and histologic examinations.
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° 2. Gravimetric Measurements

It has been shown that bone Ca, when expressed as

a percent of fat free dry bone, might be unchanged in "osteo-

porotic" conditions (111). The same therefore could be ex-

* pected of bone Ca expressed as a percent of ash. Therefore,

gravimetric measurements are more accurate indicators of

osteopenia than the above measurements (167). The reasoning

is as follows: as bone mineral decreases, bone weight also

decreases, so bone ash per bone weight remains basically un-

changed; however, as bone weight decreases, bone volume re-

mains unchanged due to fibrous replacement; therefore ash

per cubic centimeter (cc) of bone decreases with deminerali-

zaticri. It is obvious then that bone ash per cc should be

an accurate indicator of osteopenia, which by definition is

too little bone within the anatomical bone envelope (i.e.,

low bone density).

Specific gravity is another means of measuring bone

density (19,170) and as such should correlate well with ash

per cc (308). Changes In specific gravity (density) of bone

can only be affected by a difference in ash, since volume re-

mains unchanged (167).

3. Mineral Analyses

Despite the use of radlogrammetry and gravimetry

as indicators of osteopenia, mineral analyses are not to be

neglected. Absolute loss of skeletal Ca and ash has been

repeatedly shown during "osteoporosis" (8,80,278). Trace

mineral analyses may also be of value, especially when

*1
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concerned with the supposed function of some of these bone

minerals in buffering metabolic acidosis caused by feeding

acid ash diets (4,13,134,282).

: 4. Hydroxyproline Determinat Ions

j • Relatively large amounts of hydroxyproline (HP)

are found in collagen, but no other body constituent contains'S significant amounts of the amino acid (184,255). Hydroxy-

proline is synthesized by the hydroxylation of large poly-

peptides as one of the terminal steps in the formation of

collagens, and apparently there is no other mecaanism for

synthesizing HP in vertebrates (255). These relationships

make HP a convenient, naturally occurring label for studying

the metabolism of collagen, and the presence of HP in tissues,

plasma, or urine can be used as a measure of collagen or of

degradative products of collagen (44,121,247).

Jince a nondialyzable urinary HP peptide has been shown

to be a reflection of collagen formation, a measure of both

total HP excretion in the urine and the amount of this unique

peptide may provide a distinction between, and a measure of

destruction of mature collagen and of collagen synthesis

(121,255).

As a rule, the levels of free and bound HP in the serum

and urine have been shown to be a valuable index of bone

matrix metabolism (44,161,310,311). The possible exceptions

to this rule would be during certain pathological or physio-

logical conditions such as: intravascular hemolysis in

which erythrocyte prolidase would cause a sharp reduction in

IIiIIi II I I I I II I
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urinary peptide HP (161); or the regression of liver cirrhosis

and carrageening granuloma (310), which are Involutionary

p examples of' collagen resorption resulting In an increase in

serum free HP; or postpartum involution of the uterus which

a• would also result In an increase In serum free HP (310,311).

It is interesting to note that the involuting uterus

. .has no effect on the serum bound or urinary free and bound

HP levels (161,310).

S5. Histologic Examination

The three important histologic features of bone

indicative of remission of "osteoporosis" are: (1) cement-

Ing lines, (2) retained chondroid core, and (3) the appear-

ance and persistence of excessive subperiosteal bone.

Belanger et al. showed that cementing lines merge

From areas of diffuse matrix basophilla or metachomasia and

that they, thus, represent arrested osteocytic osteolysis

(29).

The extension of the secondary spongiosa (wtth retained

chondrold core) toward the diaphysis Is likewise an expres-

sion of retarded osteocytic osteolysis (169).

The appearance and persistence of excessive subperi-

osteal bone also represents too much formation and too little

resorption of bone. The delay in remodeling of cortical

bone is simply a result of delay in formation of resorption

cavities whlnh, In turn, is caused by retardation of osteo-

cytlc osteolysis (305).
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E. Nephrocalcinosts and Cardiac Calcinosis

1. Factors Affecting Nephrocalcinosis

Nephrocalcinosis is a common entity. For example,

it occurs secondary to ischemic necrosis of ovine kidneys

(158) and has been observed in other species due to a variety

of causes. One study reports calcified kidney lesions common-

ly occurring in 55 of all dog autopsies unassociated with any

other calcium lesion or disturbance (45). Another report

shows 39.5% of all dogs, regardless of age or breed, with

calcified kidney lesions unassociated with clinical disease

(70). Nephrocalcinosis has been induced experimentally in

the rabbit by dietary P supplementation (153) and in mice,

by Increasing dietary Ca (278). In man, reduced urinary

content of 'Mg (91), P infusion for treatment of hypercal-,

cemia (57), and a lack of a specific peptide inhibiting

calcification (140) have all been considered to be important

causes of nephrocalcinosis. From the voluminous information

on the etiology of nephrocalcinosis and nephrolithiasis in

the rat, the following factors have emerged as of major

importance:

1. systemic acidosis or alkalosis (120),

2. chronic systemic acidosis (119),

3. excess carbonates In conjunction with Mg deficiency

(102),

4. reduced urinary content of Mg (283), N

5. elevation of urinary p1l with reduction in urinary

Mg excretion (119),

-~ -
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6. dietary Mg deficiency (102,142,239),

7. Mg infusion (35),

8. Mg and Ca deficiency (258),

9. Mg and Ca deficiency with P excess (101,239),

10. P infusion (35),

11. high P diets (80),

12. low P diets (92),

13. hilgh Ca diets (125),

14. excess dietary Ca and P (117),

15. P supplementation in vitamin D induced hyper-

calcemia (285),

16. high dietary cadmium (244),

17. prolonged intravenous infusion of pure para-

thormone (71),

18. water restriction (283),

19. vitamin B6 deficiency (2,9,92), and

20. reduced citrate excretion in the urine (125).

it is apparent, therefore, that no factor can solely

be held responsible for the development of nephrocalcinosis,

either under experimental conditions or in clinical situa-

t2ons.

2. Effect of Diet Mlagnesium

Woodard (313) observed nephrocalcinosis in young

Erowing female, but not male, rats fed semipurified diets

which met NRC requirements (227), and determined that the

macromineral mixture was the dietary component causing nephro-

calcinosts. The responsible macromineral factor may have been



deficient Mg since Hurley et a]. (142) showed low Mg (0.04%)

diets fed tb female rats cause a trend of high kidney Ca

(even though this level meets NRC requirements). Martindale

and Heaton (210) have made a similar observation. Such

findings are indicative of Mg deficiency, even though pre-

vious work had shown 0.04% diet Mg to be a level that

I provided optimum growth (179) and normal tissue Mg concen-

trations (214). The faster growing animals are those which

may be expected to exhibit more marked Mg deficiency symptoms

(101).

Among the nutrient deficiencies which result in nephro-

calcinosis and nbphrolithiasis, the biochemical mechanism

in Mg deficiency is one of the least understood. Feeding

of a low Mg diet to young rats rekults in a typical syndrome

which Includes skin hyperemia and soft tissue calcification.

The hyperemic state is believed to be a consequence of mast

cell degranulation. The mechanism(s) forthe accumulation

of Ca in the kidney and other soft tissues (heart, aorta,

muscle) is not clearly understood (60). However, the

extensively documented changes in mineral concentrations in

tissues (particularly renal tissue) of Mg-deficient animals

(24,101,102,112,113,133,207,271,272,277,303,306) provides a

convenient tool for studies of mechanisms leading to soft

a tissue calcification (146).

During Mg deficiency, chemical alterations in tissue

are characterized by an increase In calcium concentration

and a decrease in Mg concentration in the heart, and an

r iý C.
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Increase in Ca levels of the kidney. Bellavia et al. (35)

showed that M, also accumulates in renal tissue, probably

due to codeposition with the Ca complexes.

3. Effect of Diet Calcium

Ingestion of diet Ca levels greater than MRC
*

recommendations has been reported to result in calcification

S,-f soft tissues (297). One study has shown that increasing

diet Ca from 0.32 - 0.64% and from 0.18 - 0.69% results in

incretsed heart and kidney Ca with a concomittant decrease

in heart and kidney Mg (266). By the same token, Ca deple-

tion was shown to decrease heart and kidney Ca while causing

a rise in heart and kidney Mg deposition (266). Another

study (148) has also shown a decrease in heart Mg levels

during myocarlial Ca accumulation.

4. Effect of Diet Acid

Increasing the plasma concentration of H ions by

counterbalancing diet Ca has been shown to protect against

Intracellular myocardial Ca accumulatior: (148).

5. Effect cC Age

It has been shown that both heart and kidney Ca

* and Mg deposition increases with Increasing age in the rat

(266). ,

F. Cholesterol-emia

The influence of various dietary factors on cholesterol

metabolism in man and animals has received considerable

attention by researchers during the last 20 years, however,

the exact mechanism is still unclear. Several investigators
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have shown that areas with soft drinking water have a higher

mortality rate from all forms of cardiovascular disease (43,

274). Others have reported that the incidence of deaths due

to ischemic heart disease is lower in areas with hard drink-

ing water (10,11,74,164).

There Is a close positIve correlation between the hard-

ness of drinking water and the Cu concentration of the water

(73,84). This correlation has stimulated investigation of

the relationship between dietary Ca and cholesterol metabo-

lism in several species. It was shown in rabbits that in- J
creased diet Ca overcomes the cholesterolemia that occurs

during acute starvation (144). In a further study in which

rabbits were fed 0.02, 0.8 and 1.6% diet Ca, cholesterolemia

occurred only In rabbits fed the Ca-deficient diet (343).

In rats, It has been reported that a decrease in plasma

cholesterol occurs when feeding diets high in Ca (314). It

has also been found that with increasing diet Ca (0.08 to

1.2%) blood lipid levels in rats decrease (99). Further

long term studies in rats have shown a decrease in serum

total lipids, phospholipids, cholesterol arid triglycerides

* when diet Ca levels are increased from 0.08 to 2.0% (100).

In mat,, it has been shown that the incidence of

cholesterolemia decreases when patients are given Ca supple-

ments (63,315). Humans with peridontal disease being given

Ca supplements over a long period of time have shown a de-

crease In serum cholesterol (173). It has also been shown

that Lnolesterolemla Is less severe when subjects are red a
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high saturatod !*at d]ie-t with Ca. .iippement.lion. However',

the hypocholesterolemic effect of Ca is not evident in

subjects fed polyunsaturated fat diets (40). Intravenous

Ca supplementation is Ineffective in reducing cholesterolemia

(204).

It Is now fairly wt,1: establlzhed that orAl 3upplcmen-

0Vtatlon with Ca decreases the concentration of plasma

cholesterol (3,41,63,315). Other dietary factors, however,

have also been shown t.o have a hypocholesterolemic effect.

A high Ca:? ratio has been shown to reduce the absorption of

cholesterol in rats (117,293). High diet P in relation to

Ca has also been shown to reduce cholesterol absorption in

rats (293). High diet Mg is likewise effective in this

respect (293). In addition, it has been suggested that a

decreased diet ZP:Cu ratio is hypocholesterolemic (162).

Certain vitamins have also been shown to affect serum

cholesterol levels. Vitamin D supplementation increased

serum cholesterol in man (75), while high doses of vitamin D

caused greater liver cholesterol in rats (127). Large

amounts of nicotinic acid reduced serum cholesterol while

pyrildoxine deficlency caused a small rise in serum cholester-

ol in rats (127). High dietary vitamin A (83) and vitamin E

(6M) roduced serum cholesterol in rats. FolIc acid feeding

caused an Increase in serum choleýsterol in hypocholesterolemic

patients with macrocytic anemia (25).

A relationship between diet protein and cholesterolemia

has been showt. by several investir:ators. The feeding of a iIq
4



low protein diet results in an elevated plasma cholesterol

level in the growing chick (194). Similar observations were

reported -in the Cebus monkey f203).. The 'serum cholesterol

level in another study, conversely, was significantly re-

"duced when case!n level In the diet was raised from 6 to 25%

(127). Still another study suggested that raising the diet

protein level from 25 or 30 to 46.8% was responsible for

1owerinr serum cholesterol in rats (1).

f{
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MII. MATERIALS AND METHOD'

A. Experimental Design and Diet Composition

1. Trial 1

The experimental arrangement of treatments in

Trial I was an incomplete factorial design consisting of

3 Ca levels (0.22, 0.48, 0.78%) and 3 protein levels (9,

18, 36%). For each Ca and protein level, 2 more variables,

diet acidity (natural and acid added) and age (mature and

young growing) were added in a 2 x 2 factorial design to

give a total of 20 treatment groups with 10 repletion diets

(Table 1). Four replications were allotted for each treat-

ment. One hundred and four rats were fed a low Ca (0.16%)

depletion diet for 7 weeks. Three rats from each age group

were randomly selected from each replication and sacrificed

as controls. The remaining rats were fed the 10 repletion

diets for 6 weeks.

The basal diet (Tables 2, 3, 4 and 5) was supplemented

with Ca lactate to give 167 mg calcium per 100 g of deple-

tion diet, and with Ca carbonate to give 220, 480 and 780 mg

Ca per 100 g of repletion diet, as shown in Table 6. Differ-

ences due to addition of Ca were corrected by replacing an

equivalent amount of alphacel. The P content of all the

repletion diets was maintained at 0.4% in order to keep the

Ca:P ratio between 1:2 and 2:1 as suggested by Bethke ot al.

(39) and Hansard et al. (123). Protein levels of the reple- *

tion diets were achieved by varying the casein and D-L -4
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methionine levels of the basal diet. Sucrose and starch

replaced equivalent amounts of casein and D-L methionline

(Table 7) to make all the diets equl-caloric. The acid-

added diets were Individually titrated to pH 5.2 with 2 '1

liC aj shown In Table 8. The percent, dry matter off all the

repletion diets was equilibrated during acid titration by

the addition of deionized distilled water as shown in Table

8.

2. Trial 2

The experimental arrangement of treatments in Trial

2 was a 2 x 4 factorial design with 2 levels of Ca (0.48,

0.78%) and 4 levels of acidity (p11 5.0, 5.8, 6.6, 7.4). Two

age groups (mature and young growing) were added as addition-

al variables to give a total of 16 treatment groups with 8

test diets (Table 9). Four replications were alloted for

each treatment.

Seventy-six rats were fed a control diet, the basal

diet supplemented with Ca carbonate to give 480 mg Ca per

100 g of control diet, for 14 days (Table 10). At the end

of this control period 6 rats from each age group were ran-

domly selected and sacrificed as controls. The remaining

rats were fed the 8 test diets for 7 weeks.

The basal diet (Tables 2, 3, 4 and 5) was supplemented

with Ca carbonate to give 480 and 780 mg Ca per 100 g of

test diets, as shown In Table 10. Differences due to

additlon or Ca were corrected by replacing an equivalent

amount of alphacel. The P content of all the test diets
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was maintained at 0.4% as in Trial 1. The p11 levels of the

test diets were attained by titration with 2 N H1C or 2 1-

NJaOH as shown in Table 11. The percent dry matter of all

the repletion diets was equilibrated during acid or alkali

titration by the addition of deionized distilled water as

shown in Table 11.

B. Animals and Housing

In trial 1, both young and old Long Evans female rats

were employed. Young rats ranging in body weight from 74 to

115 g and old rats, retired as breeders, ranging in body

weight from 244 to 336 g were grouped into 4 weight group

replications per age group. All rats were placed on the low

Ca (0.16%) depletion diet and fed a maximum of 17 g/day.

After 7 weeks on the depletion diet, 12 rats from each age

group were sacrificed. The remaining rats were placed on

the 10 repletion diets by random assignment of each weight

group and fed for 6 weeks at which time they were sacrificed.

In trial 2, both young and old Long Evans female rats

were employed. Young rats ranging in body weight from 49 to

70 g and old rats, retired as breeders, ranging In body

weight from 216 to 313 g were placed on a control diet for

14 days. At the end of this control period, 6 rats from each

age group were sacrificed. The remaining rats were grouped

into 4 weight group replications per age group and then each

weight group was assigned randomly to the 8 diet treatments.

A maximum or 16 g/day was red for 7 weeks at which time all
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rats were sacrificed.

In both trials, rats were hou.,ed individually in stain-

less steel, wire bottomed cages in a temperature (24-26 0 C)

and humidity (55-60%) controlled room. Artificial illumina-

tion was regulated at 12 hours per day. All rats were fed

and handled at the same time each day. During the first 3

*• days of each trial, a 1:1 mixture of Purina Rat Chow and
w£

purified diet was fed in order to accustom the rats to the

purified diet. After this time, they were fed only the

purified diet. Deionized distilled water was supplied ad f
libitum, and rat weights were recorded every other week. At

the beginning of each trial all rats were weighed for 3 con-

secutive days and the average of these weighings served as

the starting weight. On the starting day of each trial, the

diet for each rat was placed in a plastic container and kept

in the refrigerator at a temperature Just above freezing for

the duration of the experimental period. The diets were

provided fresh to the rats each day.

C. Method of Sacrifice and Tissue Recovery

In all trials, rats were sacrificed after the last

feeding day and were weighed before sacrifice. Each was

anesthetized with ether until loss of righting reflex, lack

of response to painful stimuli ard depression of respiration

were observed. Animals were then bound in dorsal recumbency

to a surgical table and an ether nose cone was used to main-

taln the surgical stage of anesthetization. A T-Incision

was made to expose the abdominal cavity by adjoining a

I
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ventral Mid liw. Incls.1oi from pubi:; to xyphold with both a

left and right paracostal Incision. The right and left

cranial oeplIa:;t.rlc arteries were ,,Iamnped with hemostats to

prevent blood loss and then the raictform ligament of the

liver was severed to reflect the liver and expose the dia-

"phragnm. A 1 cm Incision was maJe In the left side of the

diaphragm to expose the heart and blood was collected by

cardiac puncture into a vacuum tube for determination of

serum HP, Ca, Mg, cholesterol and pruLein.

After death by exsanguination, the animal was dissected

to recover tissue samples for laboratory analyses. The left

kidney and left half of the heart were removed and stored in

the freezer until mineral analysis. The left femur was re-

moved and frozen until density and radiographic measurements

and mineral analyses. The right kidney, the remainder of

the heart and the right femur were removed and fixed in 10%

buffered formalin for histopathological section.

D. Laboratory Analysis

1. Diets

a. Dry matter determination

"The amount of moisture or moisture-free matter

is determined by loss of moisture In oven drying of chemical-

ly stable materials (138). Approximately 10 g samples of

the basal, depletion, control and each test diet were analyzed

for dry matter content by the following procedure:

I. Weigh (to the nearest 0.1 mg) the material to

be tested into a tared crucible or drying dish.

I
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2. Place the sample in an oven controlled at 1050 C

and dry overnight (to constant weight).

3. Cool in a desiccator to room temperature and

weigh.

4. Calculate the percent dry matter as follows:

% D.M. dry sample weight x 100
wet sample weight

b. Crude protein determination

Samples of each diet were analyzed for N by

the macro-Kjeldahl method, in which organic and inorganic

N are reduced to ammonium sulfate in the presence of sulfuric

acid and a catalyst (139). The ammonium sulfate is subse-

quently decomposed by 45% sodium hydroxide and the ammonia

thus iiberatod is distilled into a 4% boric acid solution.

The quantity of ammonia distillet. into the boric acid is

detei-mined by titration with standardized sulfuric acid.

A 2 g dry sample of each diet was analyzed by the

Ic!owing procedure:

1. Add to each sample about 10 g of a potassium

sulfate-cupric sulfate catalyst (7% CuSO4 in K 2S4).

2. Add 25 ml of N-free concentrated sulfuric

"acid. I

3. Digebu for 30 minutes after" mixture has

A cleared, then cool.

4. Dilute samples with 250 ml distilled water.

5. Add 80 ml of 45% N-free sodium hydroxide plus

a few pellets of mossy zinc (3-5 g) and distill into a

4% boric acid solution.
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6. Titrate the distillate to the red-orange end

point of methyl red indicator (0.1% methyl red in alco-

hol) with 0.1 N 112SO4.

7. Calculate the percentage of crude portein as

follows:

= ml B2 SO4 x Normality of H82S04 x i4 100
1000 x sample weight (g)

""C.P. = %N x 6.25

c. Diet digestion and mineral analyses

The m~neral content of biological materials can

be determined by atomic absorpticn spectrophotometry (AAS).

Biological materials are prepared for AAS by wet oxidation

of all cryanic components with mineral acid. The inorganic

residue is then analyzed. The following procedure was used:

1. Dry 3.0 g samples of1 diets for 24 hours at

i051C and determine the dry weight of each sample.

2. Prepare diet samples for mineral analysis by

wet ashing with 5 ml of concentrated nitric acid and

2 ml of concentrated perchloric acid per g of dry sample

(24i).

3. Digest In acid washed beakers on a hot plate F
9!

maintained at 3000c until clearing of samples occurs.

4. Dilute samples to 25 ml in volumetric flasks

Swith deionized distilled water. For Ca and Mg analyses,

further dilute the samples 500X with 1% lanthanum-oxide

5. Analyze the digested samples for Fe, Mn, Zn,

Cu, Ca and Mg by AAS using a Perkin-Elmer model 305-A
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spectrophotometer (241).

6. The working ranges of standards (4% nitric

acid) for the trace elements are: Fe, 1.0 to 5.0 ppm;

Mn, 1.0 to 5.0 ppm; Zn, 1.0 to 5.0 ppm; Cu, 0.2 ro 1.0

ppm. The working ranges of standards (1% lanthanum)
4

for Ca and Mg are: Ca, 0.5 to 2.5 ppm; Mg, 0.1 to 0.5

ppm. Standard solutions against which samples are read

are made from stock reagents.

The concentrations of P In the diet samples were de-

termined by the ammonium molybdate method of Fiske and

* -Subbarow (98), as follows:

1. Wet ash 3 g of the sample in acid and dilute

to 25 ml in a volumetric flask with deionized distilled

water as in the AAS mineral analysis described above.

2. Place a 0.1 ml aliquot of the diluted digested

sample into a 10 ml volumetric flask.

3. Add 1.0 ml diammonium - molybdate solution and

0.4 ml aminonaphtholsulformic acid (98).

4. Bring the volume up to 10 ml and let stand

for 5 minutes.

5. Measure absorbancy at 660 mu in a Bausch and

Lomb Spectronic 20 against standard solution diluted I

from a stock solution to give a range from 2 to 10 ppm

F.

d. Dietary pH determination

Dietary ph was determIned by the mcthod of Ali

and Evans (5). Ten g samples of each diet were suspended in

g
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90 ml deionized water and stirred, left 15 minutes to attain

equilibrium and then restirred. The pH values were determined j

immediately on the equilibrated suspensions with a Beckman

pH meter equipped with a combination electrode.

2. Serum

a. Serum minerals

The serum was analyzed for Ca and Mg. In a

10 ml volumetric flask, 0.2 ml of serum was brought to

volume with a 1' lanthanum-oxide solution. This solution

was then aspirated in a Perkin-Elmer model 305-A atomic

absorption spectrophotometer (241).

Standard solutions against which samples were read were

Wnade from stock reagents. The working ranges for the stand-

ards (1% lanthanum) were 0.5 to 2.5 ppm for Ca and 0.1 to

0. 5ppm for Mg.

b. Serum cholesterol

Serum cholesterol was quantitated by the color

re-action technique of Seary and Berquist (276). Into a 5 ml

*t.it tube was added 0.1 ml serum and 0.9 ml absolute ethanol-

acetone (1:1) mixture. The tube was stoppered, mixed and

centrifuged at 2000 rpm for 10 minutes. Then 0.5 ml clear

supernatant of serum, 5.0 ml glacial acetic acid and 3.5 ml

sulfuric acid color reagent (I part 10% FeCI_ in concentrated

ph-sphoric acid made to 100 part. with concentrated sulfuric

acid) were added to photometer tubes and shaken to mix the

cuutteilts complctely. After cooling for 15 minutes, the tubes

were read in a Bausch and Lomb Spectronlc 20 at 560 mu.

___
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Standards ranging from 20 to 140 mg cholesterol per 100 ml

were prepared and the resulting linear regression equation

was used to calculate the cholesterol of samples in mg/]00

ml of serum.

c. Serum hydroxyproline

Serum free liP was spectrophotometrically

determined by the method of Bergman and Loxley (36). The

following reagents were prepared:

A. Acetate-citrate buffer p11 6.

57 g sodium acetate (31120), 37.5 g trisodium

citrate (2H 2 0), 5.5 g citric acid and 385 ml iso-

propanol are made up to 1 liter and is stable for

long periods.

B. Oxidant solution.

A 7% aqueous solution (w/v) of chloramine T is

prepared and can be stored for weeks.

C. Just before use, solutions A and B art mixed in the

ratio of 4:1.

D. Ehrlich's reagent.

A solution of p-dimethylaminobenzaldhyde in 60%

perchloric acid: 2 g of aldehyde is dissolved in

3 ml of acid and kept in a dark bottle. The solu-

tion is stable for several weeks.

E. Analyzed reagent isopropanol.

Just before use, D and E are mixed in a ratio of

2:13 to a final volume of 15 ml.

P. Hydroxproline standard solution.
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A standard solution of 1-hydroxyproline is pre-

pared by dissolving 1 tog of the amino acid in 10 ml

0.001 N HCI (to prevent bacterial growth). A 10

ppm stock solution is then made from this 100 ppm

solution.

Serum protein was precipitated by mixing 2 ml serum and

2 ml of 10% TCA and centrifuging at 2000 rpm. One ml of

supernatant was taken for analysts and neutralized with 10,

1.0 and 0.1 N KOH to a lemon-yellow phenol red color in a

graduated test tube. The volume was brought up to 4.5 ml

with isopropancl. After get.tle mixing, 0.5 ml of' oxidant

solution was added. After 5 minutes, 5 ml of Ehrlich's

reagent was added (up to volume of'10 ml). The mixture was

then gently mixed, kept 17-18 hrz: at room temperature and

read at 553 mu In a Bausch and Lomb Spectronic 20 against

standard concentrations of 0.1, 0.2, 0.3 ppm. To prepare the

standards, proper aliquots of the 10 ppm stock solution were

brought up to a volume of 1 ml with deionized distilled water

and then subjected to the same procedure as the 1 ml serum/TCA

supernatant. The free liP of samples was calculated In ug/100

ml of serum using the standard linear regression equation.

d. ;erum total protein

Serum total protein can be colorimetrically

determined using a modification of Folin-Clocalteau reagent

(295). The extremely high sensitivity of this reagent makes

It valuable for detecting the very low protein concentrations

In highly diluted samples. The procedure of Boucring et al. i I



(53) was used. The following reagents were prepared:

1. Reag-.ent A- I ril of 3.3' sodlun-potassium tartrate

(taaKu 4H 06 4HiO) pIu. 1 ml of 1.25% copper sulfate446

(CuSO 4  5H 2 0) is brought to a volume of 100 ml

"* with 2.5% sodium carbonate (Na CO)
2 3

2. Reagent B - cormmercial 2 N solution of Polin-

Ciccalteau Reagent is diluted with deionized dis-

tilled water to be 0.5 " acid (1:4).

. Stock standard - 6.0 g crystallne bovine albumin is

brought to a volume of 100 ml with water. Then 0.1

mi of this solution is diluted t, 6.0 ml with de-

ionized distilled water to give a stock standard

zrntaininng 1000 up protn-n/r•.

Working standards of 3.0, 4.5, (.0, 7.5 and 9.0 g pro-

-in/lOG nl we-re oprepared by takirng• 0.05, 0.075, 0.1, 0.125

and 0.15 ml, pcoapectively, of the stock standard and pro-

cee,]... -3 described for the samoples.

T••, namples were prepared by securing clear unhemolyzed

:.cu: and diluting it 60X (0.1 ml in 6.0 ml) with delonized

ji.:tll~ed water. To 0.1 ml of the diluted samples, 0.4 ml

iwO or was added (or the necessary amount in. case of stand-

arus) up tc 0.5 ml then 0.5 ml I N :4aOU was added and mixed. [
WIthout, longer delay (net more thai, a few minutes) 4.0 ml

Of.• ge.nt A was added vapidly irn -:,ie portion and mixed.

After standing Cu0o 10 minutes at rootm temperature, 1 ml of

B was added and mixed. After standing for 30 minutes

ýtt -o.-m te:*%perat iure, t1he samplez and standards were read at
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600 mu In a Bausch and Lomb Spectronic 20 using a red filter

and propelr lamp. Serum total proteln of thce samples was

calculated in g/100 ml of serum using the standard linear

regression equation.

* 3. Soft Tissues
6

The whole left kidneys and half of each heart were

digested for mineral analyses by the procedures described for

diets In section D.l.c. All of the tissues were dried at

105°C for 24 hours, then wet ashed in acid washed beakers

at 3000C until the samples cleared. Kidneys were diluted

to 50 ml In a volumetric flask, whereas heart was diluted

to 10 ml. A further 25X dilution was made for heart and

kddney Mg and young kidney Ca determinations. All dilutions

were made with 1% lanthanum. All diluted digestion samples

were then read for Ca and Mg in a Perkin-Elmer model 305-A

s:pcetrnphotonxeicr.

Standard solutions against which the samples were read

were made from stock reagents. Standards for the initial

dilution samples contained 4.0% nitric acid and 1% lanthanum

ty volume. Standards for the further 25X diluted samples

* containel 1% lanthanum by volume. The working ranges of the

6 standards were 0.5 to 2.5 ppm for Ca and 0.1 to 0.5 ppm for

o 4. Femur

a. Volumeand gravimetric density

The frozen left femur was thawed and the

adherent sort tissue manually removed using pointed scissors



anw cheesecluth. To prevent excessive dehydration, the

cleaned femur was imm'ediately weligh,:( on a Mettlar balance

t.o the nearest 0.1 mg. Without further delay the femur wa-;

suspended on a perforated metal tray by fine copper wire on

another Mer~ttar balance and weiphed in water (to the neare::t

0.1 mg). This latter balance was pre-zeroed with the metal

tray, suspended in water.

The weight in air (WA) and weight in water (WW) were

used to compute femur volume (V) in cc and gravimetric den-

.1ity or specific gravity (SG) In g/cc as follows (19):

V = WA - MW1

!= WA/V

b. Radiographic measurements

Following weight, volume and density measure--

r...,• the left femurs were radiographed on'a Picker'GX-1050

x-ray machIne with a Dynamax 69B x-ray tube, a focal zc--

•Ize of 0.6 mm, a filtration of 3.5 mm aluminum equivalent

and a collimated field size of approximately 8 x 10 mm.

The exposure factors were 200 mA, 0.7 seconds, 48 kV

ana a focal film distance of 40 inches.

Kodak RPM X-omat Rapid Processing Mammography film wa.z

used. The film was processed for 90 seconds in a Picker

4, Diplomat Automatic Processor using Kodak RP Developer and

* Fixer.

The resultant femur radiographs were Individually

magnifled on a Wilder Micro Projector (Opto-metric Tools,

Inc., Nlew York, N.Y.) using a 20X objective lens and
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projected onto an 8 1/2 x 11 Inch sheet of white bond paper.

The diaphyseal subperlosteal and endosteal cortical margins

_ .were traced using a sharpened number 2 2/4 lead pencil. The

following niddiaphyseal radiographlc measurements (55) were

* taken with calipers (to the nearest 0.001 mm) from the

tracings at the point of narrowest diameter: total tubular
bone width (T), medullary cavity width (M) and both cortical

thicknesses (CI, C2). From these measurements total cortical

thickness (C), cortical area (CA), percent cortical area

(PCA) and cortical index (CI) within the anatomical bone

envelope were calculated as follows (55):

C = C + C
1 '2

CA = .785 (T 2 
- Mt

PCA = 100 ( T2 - M2
m2

cl = C T

c. Mineral analyses

Following radiographic measurements, the left

femur from each carcass was dried in a forced draft oven at

105i C for 48 hours. They were then ether extracted for 24

hours and again dried for 8 hours. The dried femurs were

ashed in previously weighed beakers in a muffle oven at

5500 C for 24 hours.

w n Trial 1 the ash was dissolved in 5 ml HC1 heated on

a hut plate at L 100. The femur ash solutlons were diluLed

to 50 nil with delonized distilled water and then further

diluted with I1 lanthanum 50OX for Ca and 5OX for Mg de-

terminatlonL.. Mineral determinatlons were made in an atomic
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absorption spectrophotometer and read against standards as

described in section D.1.c for diet analyses.

Tn Trial 2, the ash was dissolvea in 20 ml of a gallium

buffer solution (100 ppm gallium in3 1 HC1). Mineral de-

terminations were made in a Jarrell-Ash Model 750 Atomocomp

(149) and read against standards prepared in the same gallium

buffer solution from stock standard solutions. The minerala;

determinations made and the aorking ranges of standards

used were as follows: Ca, 500-5000 ppm; P, 250-2500 ppm;

Mg, 100-1000 ppm; Na 50-500 ppm; K, 250-2500 ppm; Cu, 5-50

ppm; Fe, 5-50 ppm; Mn, 10-100 ppm; and Zn, 5-50 ppm.

5. H1stopathological Study

a. Soft tissues

In both trials the whole right kidney and half

of the heart were removed from each rat carcass and fixed in

a 10% buffered formalin solution (Table 12) for a minimum

of 24 hours. After fixation, the soft tissues were embedded

in paraffin blocks consisting of Tissue Prep No. T-610 (The

Fisher Scientific Co., Chemical Manufacturing Div., Fair

Lawn, N. J.) with a melting point of 61.0°C (t0.5 0 C). The

* paraffin blocks were cut Into 6 micron thick sections on a

Zpencer 820 microt3me (Arthur H. Thomas, Philadelphia, Pa.)

and the sections mounted on microscope slides as described

In the Manual of Histologic Staining Methods of the AFIP

(198). The slides were then dried in an oven at 56 0 C for

20 minutes and stained with Von Kossa's method for Ca (206)

as described in Table 13. Following staining the slides were
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covered by cover :;llp:; and sealexd with Permount histological

mounting medium (Fisher S>lentific Co.).

b. Femur

In both trials the right femur was removed

from each rat carcass and fixed in a 10% buffered formalin

solution for a minimum of 24 hours. After fixing, the femurs

wore manually cleaned of the adhering soft tissue and de-

calcified for 48 hours as described in Table 12. The de-

calcified femurs were then trimmed into a longitudinal

oec ion of the proximal end, arid a cross section of middiaphy-

slis. The trimmed sections were dehydrated and cleared on an

Auto Technicon Tissue Processor Model 2A (The Technicon Co.,

Chauncy, W1.Y.) as described in Table 12. The prepared

specimens were then embedded in paraffin, cut into 6 micron

thick sections, mounted on microscope slides and dried as

previously described. The mounted specimens were stained

with routine Delafield's hematoxylin and eosin stain (198)

•s "dscribed in Tables 14 and 15. Following staining the

sildes were covered and sealed as previously described.

E. Statistical Analysis of Data 4

The data In these experiments were statistically evalu-

ated by analysis of variance and regression analysis (286).

a{

I
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Table 1. Trial 1: The experimental design.

Age

Young Mature

a r Ca % CaAciditya Protein 0.22 0.48 0.7u 0.22 0.48 0_._78

%

A iS(3)

9 (4) (6) * (9)

(3) I * (8) *

36 (2) (5) (7) * (10)

ai

b The diet number.

-- WIN

9 () (6) (6) 04 (9)8 U

b -
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aTable 2. Composition of basal diet.

Constituents

Sucrose 30.0

Starch 30.0

b cCasein 20.0

D-L Kethionine 0.2c

Corn Oil d 5.0

Vitamin-Mixture 2.0

Micromineral Mixture 0.036

Pacromineral Mixture 12-764

a
Adapted from: Evans, J. L. and R. All, 1967. J. Nutr.
92:49 417-424.

Caseln is 90.9% protein.

C Basal diet was 18% protein by analysis.

d Santoquin (Monsanto Cehmical Co.) added to corn oil to
make 0.01% In diet.

dr
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Table 3. Composition of vitamin mixture contained
in bazal diet.

The vitamins mixsd with dextrose 3upplied the following per
100 g of diet:a,

6

Cnnstituents Amount

mg

VItamin A 9.0

Vitamin D 0 . 5 d

a-tocophero! 10.0

Ascorbic Acid 90.0

1nositol 10.0

Choline Chloride 150.0

Riboflavin 2.0

Menadione 4.5

p-Aminobenzolc Acid 10.0

Iliaeln 9.0

Pyridoxine-HCl 2.0

T"hiamine 2.0

Ca Pantothenate 6.0

Biotin 0.04

Folio Acid 0.18

Vitamin 81 0.003

a NRC requirements were met (National Research Council

Committee on Animal Nutrition. 1972. Nutrient require-
* =ments or laboratory animals, pub. 2028-X. National

Academy or Sciences - National Research Council, Washing-
ton, D.C., pp. 56-93).

Computed on a dry basis.

n 1800 I.U.

d 1800 1.1.
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Table 4. Composition of micromineral mixture
contained In basal diet.

The micromineral mixture supplied the following minerals per
100 g or diet (supplied In the form and amount of indicated
compound):

" Mineral (Form) Amount by Calculation Amount by Analysis

Mineral (Compound) Trial 1 Trial 2

mg (mg) ppm ppm

Iron (Fe 2 0 33 8.58 (12.27) 88.9 84.3

Manganese (MzxO 3 ) 5.5 (11.5) 55.3 55.8

Zinc (ZnCO3 ) 5.0 (9.59) 53.3 50.2

Copper (CulO 3) 1.17 (2.2;) 11.4 11.1

Cobalt (CoCO3 ) 0.04 (0.08) * *

Molybdenum (Naa2 Moo 4 -2H 2 0) 0.06 (0.15) 1 5

Iodine (KI) 0.02 (0.026) •

Selenium (H2 SeO3) 0.01 (0.016) B

Fluoride (NaF) 0.001 (0.002)

a NRC requirements were met (National Research Council

Committee on Animal Nutrition. 1972. Nutrient require-
ments of laboratory animals, pub. 2028-X. NatiQnal
Academy of Sciences - National Research Council, Washing-
ton, D.C., pp. 56-93).

b Computed on a dry basis.

3 nFt analyzed due to low concentrations.

4 *
-

* ;
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Table 5. Composition ol macromineral mixture
contained in basal diet.

The macromineral mixture supplied tl, following per 100 g
• of dlet:a

Constituents Amount

mg

Calcium Acetate 415

Potassium Phosphate, Monobaslc 870

Sodium Phosphate, Dibasic 927

Potassium Chloride 95

Magnesium Chloride 313

Magnesium Acetate 123

Chromic Oxide 250

lonziutritive Bulk

a -'omputed on a dry basis.

b The macromineral mixture supplied the following per 100 g
of diet on a dry basis:C

Amount by Analysis
Calculated Trial 1 Trial 2

mg z

Sodium 300 0.30 0.30
Potassium 300 0.30 0.30
Phosphorus U00 0.4O 0.43
Chl,-;de 154 o.14 0.15
Magnesium 51 0.041 0.053
Acetate 340-

ac NRC requirements were met.

* *See Table 6.

I
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Table 8. Trial 1: Percent dry matter and pH of
repletion diet.

ml Added per 1oo g or Diet Final Analysis
Diet 2 N ICl" H 2 Ob b Dry Matter pH

1 4.35 3.80 89.2 5.2
2 7.65 0.50 89.0 5.2

3 6.45 1.50 88.6 5.2

4 3.60 3.50 88.3 5.2

5 7.35 * 88.3 5.2

6 Nc 7.84 89.5 6.0

7 N 7.62 89.0 6.0

0 N 7.51 88.6 5.8

9 N 6.83 88.6 5.4

10 N 6.83 88.8 5.6

a Mliliters of 2 N HC1 added to 100 g of diet - 1/2 x ml
or .1 ,N HCI needed to titrate 10 g air dry weight of that
diet in 90 ml of deionized distilled water to pH 5.2.

b Milliliters of delonized distilled water added to 100 g

of diet - (1/desired final % dry matter) ([100 g diet x
initial % dry matter] + [.07292 x ml 2 N HC1 added to
100 g diet]) - 100 g diet - ml 2 N HCI added to 100 g
diet.

c No acid was added to natural (N) diets.

* Final % dry matter of all diets was equilibrated to diet
* 5 which had the lowest initial % dry matter,

I-F
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Table 9. Trial 2: The experlment3l design.

pl Leve

Age S Ca .0 C.. 7.4

• ,•'%t ure O~l iab() (3) (4l)

.78 F5 (6) (7)

Young 0.43 (1) (2) (3) (4)

0.78 2) (6) (7) (8)

a The diet numpber.

Four repvileat ions per diet.

a!

,q

'I _ _ _ _ _ _
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Table 10. Trial 2: Calcium and non-nutritive bulk
(NNB) added to 100 g of diet.

a Calcium Suppliedb
Diet,; NN~a CaCO3 Calculated By Analysis

Mg Mg %
Control t09g 6.48 o.48

1,2,3,4 8807 964 0.48 0.ý8

5,6,7,8 8058 1713 0.78 0.78

a Alphacel, Nutritional Biochemical Corporation, Cleveland.

b Includes 415 mg of calcium acetate per 100 g of basal diet.

I

4. [
£g

h
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Table 11. Trial 2: Percent dry matter and pH
of test diets.

ml Added per 100 g of Diet Final Analysis
Dit-. 2 N! Ci 2 N NaOHa 11,0 % Dry Matter pH

@C

1 5-? --- 3.14 87.4 5.0

20 ..... 8.43 88.2 5.8

3 --- 4.7 2j.05 88.2 6.6

4 --- 9.0 * 87.8 7.4

5 6.5 --- 2.38 87.8 5.0

6c ...--- 8.43 88.2 5.8

7 --- 4.7 4.05 88.2 6.6

8 --- 9.0 87.8 7.4

Milliliters of 2 N HCI or 2 N NaOH added to 100 g of diet =

1/2 x ml of 0.1 N HCl or 0.1 N NaOH needed to titrate 10 g
air dry we-iJht of that diet in 90 ml deionlzed distilled
water to desired pH level.

b Milliliters of deionized distilled water added to 100 g

of diet = (1/desired final % dry matter) ([100 g diet x
initial % dry matter] + [.07292 x ml 2 N HCl added to 100 g
diet] + [.079994 x ml 2 N NaOHl added to 100 g diet]) -

100 g diet - ml 2 N HCI added to 100 g diet - ml 2 N NaOH
added to 100 g diet.

c Natural acidity of diets 2 and 6 was pH 5.8.

V Final % dry matter or all diets was equilibrated to diets
4 and 8 which had the lowest Initial % of dry matter.

t £

£~ i

I
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Table 12. Solutions used In the fixing, decalci-
ficatJon, dehydration and clearlng of
histological specimens (198).

1. Fixing

I0% Dufft'red FormalIui:

37-40% formalin 100 ml

Sdistilled If20 900 ml

sodium phosphate monobasic 4.0 g

sodium phosphate dibasic
(anhydrous) 6.5 gF

2. Decalcification

Formic Acid - Sodium Citrate - Decal Solution:

Solution A

sodium citrate 50 g

distilled 1110 250 ml

Solution B

formic acid, 90% 125 ml

distilled HC,0 125 ml

Procedure

a. Mix solutions A and B in equal portions.

b. Place calcified speciments in large
quantities of formic acid-sodium citrate
solution until decalcification Is complete.

c. Place solution under vacuum to hasten de-
calcification.

d. When decalcification is complete, wash In
running water from 4-8 hours.

3. Dehydration and Clearing

Immerse specimens in the following solutions

successively:

95% alcohol I hr

absolute alcohol (OX) 2 hr #ach

absolute alcohol and"
xylene (50-50 mixture) 1 hr

xylene (2X) 2 hr each
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Table 13. Von Kossa's method for calcium (206).

Fixation: 10% buffered formalin

Technique: cut paraffin sections at 6 microns

Solutl|.ns:

t 5% silver nitrate solution

silver nitrate 5.0 g

alstilled H2 0 100 ml

5S sodium thlosulfate (Hypo) solution

sodium thiosulfate 5.0 g

distilled H 20 100 ml

Nuclear fast red (Kernechtrot) solution

Dissolve 0.' g nuclear fast red in 100 ml of 5%

solution of aluminum sulfate with aid of heat. Cool,

filter, add grain of thymol as a preservative.

Staining Procedure:

1. Deparaffinize and hydrate tc H2 0, 2X: 2,3 minutes

2. Silver nitrate solution for 60 minutes exposed to

direct sunlight

3. Rinse In distilled H2 0, 2X: 2,3 minutes

4. Sodium thlosulfate solution for 2 minutes

5. Rinse well in distilled H2 0, 3X: 3,3,3 minutes

6. Counterstain In nuclear fast red solution for 5 minutes

7. Rinse in distilled H20, 2X: 2,3 minutes

8. Dehydrate in 95% alcohol, absolute alcohol, and

clear in xylene, 2 changes each
4

9. Mount with Permount

Results:

Calcium salts - black

Nuclei - red

Cytoplasm - light pink
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i ; t., [tit! ft'11 ( 19P)}

A. Dola.01eld's ifemnt~ozylln :

Shea atexylin (rystal. ) g

alcohol, 9r) 50 ml

Snammonium alum (ammonium

alumbium sulphnte) 7r; g

distilled H120 800 ml

1. Let above volutions stand %o•paratcely ov,-rniJhJ..

2. Mi11x, expose to light and air 3-4 day.;. -hake

occasionally.

3. Filter.

J4. Add glycerin (200 lml) and 95: alcohol (201 ml).

•'. Lt. stand in l1iht until deep purple.

6. Filter, store In dark bottle, ag.e 6-8 weeks.

1. Eo:;In B Counterstatln: {

stock 50% alcohol (rrom 95%) 100 ml

800 ml 95Z alcohol

200 ml distilled H20

Eosin B 0.5 g I
When ready to uae, add glacial .cetic acid, 1 drop per t
200 ml.

C. Parlodlon, 0.5%: V

absolute alcohol 250 ml

ether ,50 ml

parlodlon strips 2.5 g

D. Acid Alcohol:

70% alcohol 900 ml

concentrated HC1 10 a.'.

mix well

E. Ammonia 1120:

distilled H120 130 MI

Nif 3 OH 2 drops
i V3

j 

-



Table 15. Routine Delafiela's If and E staining
procedure (198).

Immerse specimens In the following solutions, successively:

1. Xylene, 2X: 5,5 minutes.

* 2. Absolute alcohol, 2X: 5,5 minutes.

3. Parlodion, 5 minutes. Drain 5 minutes.

4. 80% alcohol, 5 minutes. Flush with tap water, 5

minutes.

5. Delafield's hematoxylin, 15 minutes

6. Water, I dip.

7. 1% acid alcohol, 1 dip.

8. Water, 3 minutes.

9. Ammonia H2 0, 2 minutes. Flush with tap water, 102}

minutes.

10. Eosin B, 1-2 minutes.

11. 95% alcohol, 2X: 3,3 dips.

1-. Absolute alcohol, 2X: 5,5 minutes.

13. X 2le:ie, ?X: 5,5 minutes. Mount with permout.

Results:

lluleli - blue with some metachromasla.

Cytoplasm - various shades of pink identifying different

tissue components.

K!:
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IV. RESULTS

A. Final Body Weight and Weight Gain

1. Trial 1

rtDiet treatment had no significant effect on final

body weight and average daily gain of either young or old

rats in Trial 1.

The range of final body weights of young Trial 1 rats

were as follows: initial, 74-115 g; depletion, 198-271 g;

repletion, 248-315 g. The mean final body weights (± stand-

ard error of the mean) of young Trial 1 rats were: initial,

99 ± 1 g; depletion, 241 ± 3 g; repletion, 272 ± 3 g. The

average daily weight gain of young Trial 1 rats was 2898 mg

during the 7 week depletion period and 633 mg during the 6

week repletion period.

The range of final body weights of old Trial 1 rats

were as follows: initial, 244-336 g; depletion, 276-382 g;

repletion, 273-360 g. The mean final body weights (± S.E.)

of old Trial 1 rats were: initial, 286 ± 4 g; depletion,

323 ± 4 g; repletion, 322 ± 4 g. The average daily weight

gain of old Trial 1 rats was 959 mg during the 7 week de-

pletion period and -24 mg during the 6 week repletion period.

2. Trial 2

Diet treatment had no significant effect on final

body weight and average daily gain of either young or old

rats in Trial 2.

Em
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The range of final body weights of young Trial 2 rats

were as follows: initial, 49-70 g; standardization period,

91-117 g; test period, 200-259 g. The mean final body weights

(+ S.E.) of young Trial 2 rats were: initial 60 + 1 g;

standardization, 103 + 1 g; test, 230 + 3 g. The average
a

daily weight gain of young Trial 2 rats was 3071 mg during
the 2 week standardization period and 2592 mg during the 7

am

week test p'-riod.

The ranLe of final body weights of old Trial 2 rats were

as follows: initial 216-313 g, standardization, 234-338 g;

test, 268-373 g. Th- mean final body weights (+ S.E.) of old

Trial 2 rats were: initial, 260 + 4 g; standarization, 281

+ 4 !; test, 306 + 4 g. The average daily weight gain of

old Trial 2 rat3 was 1500 ni• O-rlng the 2 week standardiza-

tion period 3nd 510 mg during the 7 week test period.

B. Pemur Radiographic Measurements

1. Trial 1

rhe interactions of age and diet treatment on femur

radiographic measurements in Trial 1 are summarized in

Tables 16-19.

In Trial 1, the 6 week period of Ca repletion with

graded levels of diet Ca (0.22, 0.48, 0.78%) resulted in both

increased subperiosteal and endosteal bone deposition in

young growing rats, compared to the - week Ca-depleted (0.16%)

controls. This was evidenced by a larger subperlosteal dia-

meter (T) and a smaller medullary cavity diameter (M) in the

repleted young rats than in the depleted young controls
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(Table 16). The net result was a greater cortical thickness

(C), cortical area (CA), percent cortical area (PCA) and

cortical index (CI) In the repleted young rats than in the

depleted young controls (Table 16). Calcium depletion-

repletion had no significant effect on radiographic measure-

rments of old rats in Trial 1 (Table 16).

L In Ca-depleted young rats, both T and M increased with

increased diet Ca (Table 17). The net result was a thinner

C and reduced PCA and CI (Table 17). Total bone mass as

measured by CA, however, was slightly increased by increased4

diet Ca in the Ca-depleted young rats (Table 17). Increased

diet Ca had no significant effect on radiographic measure-

rents om' Ca-depleted old rats (Table 17).

n Ca-depleted young rats, both T and M increased with

increased diet protein (Table 18). The net result was a

slightLy thinner C and reduced PCA and CI (Table 18). Total

bone mass as Ireadured by CA, however, was increased by in-

creased diet protein in the Ca-depleted young rats (Table

18) Increased diet protein had no significant effect on

radiographic measurements of depleted old rats (Table 18).

In Ca-depleted young rats, acid addition to the reple-

t'on diets resulted in greater endosteal resorption, out

reduced subperiosteal deposition as evidenced by a slightly
a

larger M and slightly smaller T (Table 19). The net results

from greater diet acidity were a thinner C and reduced CA,

PCA and CI with diet acid addition (Table 19). In Ca-

depleted old rats, acid addition to the repletion diets

Af



also resulted In slightly decreased subperiosteal deposition,

but decreased endosteal resorption, as evidenced by both a

smaller T and M (Table 19). The net results were still a

thinner C and reduced CA (Table 19). Diet acid addition,

however, had no effect on PCA and Cl in the Ca-depleted old

rat (Table 19).

2. Trial 2

The interactions of age and diet treatment on femur

radiographic measurements In Trial 2 are summarized in

Tables 20-22.

In Trial 2, at the end of the 7 week experimental period,

the femurs of the young rats showed increased turnover at

both bone surfaces, compared to the randomly selected non

Ca-depleted controls. This was evidenced by both a larger T

and M (Table 20). The net results were a thicker C and

increased CA, PCA and CI (Table 20). There was no significant

differenre between the femur radiographic measurements of

the randomly selected old control rats and the old rats at

the end of the 7 week experimental period (Table 2C).

In contrast to the Ca-depleted rats of Trial 1, In-

r .creased diet Ca had no significant effect on femur radio-

graphic measurements of either age group of the non Ca-

depleted rats of Trial 2 (Table 21).

In Trial 2, the effects of increased diet acidity on

femur radiographic measurements of the non Ca-depleted young

rats were identical to those in the Ca-depleted young rats

of Trial 1. With increased diet acidity, T was smaller
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while M was larger (Table 22). The net results were a

thinner C and reduced CA, PCA and CI (Table 22), just as in

Trial 1. The effects of increased diet acidity on femur

radiographic measurements of the non Ca-depleted old rats

"were also identical to that in the Ca-depleted old rats.

With increased diet acidity, both T and M were smaller,

C thinner and CA reduced, while PCA and CI remained un-

cianged In non Ca-depleted old rats (Table 22).

C. Femur Gravimetry and Mineral Composition

1. Trial 1

a. Femur gravimietry

The interactions of age and diet treatment on

femur gravimetric measurements in Trial 1 are summarized in

Tables 23-26.

In Trial 1, the 6 week period of Ca repletion with

graded levels of diet Ca (0.22, 0.48, 0.78%) resulted in an

inzrease in all femur gravimetric measurements In young

growlng rats (Table 23), compared to the 7 week Ca-depleted

(0.16%) controls. The Ca depletion-repletion had no signi-

ficant effect on any gravimetric measurement of old rats in

Trial 1 (Table 23).

In Ca-depleted young rats, femur fat-free dry weight

"and ash both increased with Increased diet Ca, while femur

air dry weight increased from 0.22% to 0.48% diet Ca before

plateauing at 0.48% diet Ca (Table 24). As a result, both

fat-free dry weight and ash expressed as percent of air dry

weight also increased, while ash expressed as a percent of
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fat-free dry weight Increased from 0.22% to 0.48% diet Ca

before plateauing at 0.48% diet Ca (Table 24). With in-

creased diet Ca, femur density (mg ash/cc) and specific

gravity also increased in the Ca-depleted young rats while

S• femur volume remained basically unchanged (Table 24). In

%.a-dcpletcd old rats, femur fat-free dry weight, ash and ash

as a percent of fat-free dry weight increased significantly

with increased diet Ca (Table 24). There was also a trend

toward an increase in femur air dry weight, while fat-free

dry weight and ash as percent of air dry weight increased

from 0.22% to 0.48% diet Ca before plateauing at 0.48; diet

Ca (Table 24). Withi increased diet Ca, femur density and

specific gravity also increased, while femur volume remained

basically unchanged in the Ca-depleted old rats (Table 24).

In Ca-depleted young rats, femur density and specific

gravity increased linearly with increased diet protein, while

all other gravimetric measurements remained unchanged (Table

25). In Ca-depleted old rats, increased diet protein had a

quadratic effect on femur density and specific gravity, while

all other gravimetric measurements remained unchanged (Table

* 25).

t ' In Ca-depleted young rats, acid addition to the reple-

tion diets resulted in a decrease In all femur gravimetric

measurements (Table 26). In Ca-depleted old rats, only ash

as a percent of air dry weight, density and spe-ific gravity

showed a significant decrease with diet acid addition (Table

26).

A'I MINION
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b. Femur m1neral composition

The interactions of age and diet. treatment on

femur mineral composition in Trial 1 are summarized in Tables

27-30.

"In Trial 1, the 6 week period or Ca repletion resulted

in an increase in both femur Ca and Mg, but no change in

those minerals expressed as percent in ash, in young growingI
rats, compared to the 7 week Ca-depleted controls (Table 27).

Calcium depletion-repletion had no significant effects on

femur mineral composition of old rats In Trial 1 (Table 27).

With increased diet Ca, femur Ca and Mg increased in

both age groups of Ca-depleted rats, while no change was

observed in those minerals when expressed as percent in ash

(Table 28).

Increased diet protein (Table 29) or diet acid addition

(Table 30) had no significant effects on femur mineral compo-

sition in either age group of Ca-depleted rats ii, Trial 1.

2. Trial 2

a. Femur gravimetry

The interactions of age and diet treatment on

femur gravimetric measurements in Trial 2 are summarized in

Tables 31-33.

In Trial 2, the 7 week experimental period resulted in

an increase in all femur gravimetric measurements in non

Ca-depleted young growing rats compared to the randomly

selected controls (Table 31). In the non Ca-depleted old rats

there was no significant difference in femur gravimetric

II
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measurements between the experimental gro', and the randomly

selected controls (Table 31).

Increased diet Ca had the same effect on femur gravi-

metric measurements in both age groups of non Ca-depleted

t °rats of Trial 2. Air dry weight and volume remained un-

changed, while all other femur gravlmetric measurements in-

creased with increased diet Ca (Table 32).

In non Ca-depleted young rats, increased diet acidity

had no effect on femur ash expressed as a percent of fat-free

dry weight, but all other gravimetric measurements were

significancly decreased (Table 33). In non Ca-depleted old

rats, increased diet acidity had no effect on femur ash ex-

pressed either as a percent of fat-free dry weight or as a

percent of air dry weight, but all other gravimetric measure-

ments were significantly decreased (Table 33).

b. Femur mineral composition

The interactions of age and diet treatment on

femur mineral composition in Trial 2 are summarized in Tables

34-36.

In Trial 2, the 7 week experimental period resulted in

a decrease in femur P, Na, K, Ca and Mn expressed as percenL

in ash in non Ca-depleted young rats compared to the randomly

selected controls (Table 34). There was no such effect on

the femur composition of non Ca-depleted old rats (Table 34).

Increased diet Ca resulted in a decrease in K as a per-

cent in ash in both age groups of non Ca-depleted rats (Table

35). Increased diet Ca had no significant effect on other

K4 - --- - - - - - - - - - - ~ -
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femur minerals expressed as percent In ash in either age

group in Trial 2.

Increased diet acidity had nr significant effect on

femur minerals expressed as percent in ash in either age

group of non Ca-depleted rats (Table 36).

D. Serum Composition

1. Trial 1

The interactions of age and diet treatment on f

serum composition in Trial 1 are summarized in Tables 37-40.

In Trial 1, the 6 week period of Ca repletion resulted

in decreased serum hydroxyproline (HP) and increased serum

cholesterol in both age groups of rats compared to the de-

pleted controls, while serum Ca, Mg and protein remained un-

changed in both age groups (Table 37).

In both age groups of Ca-depleted rats, increased diet

Ca (Table 38) or protein (Table 39) resulted in a linear

decrease in serum HP, a quadratic change in serum cholesterol,

but no change in serum Ca, Mg and protein.

In both age groups of Ca-depleted rats, increased diet

acidity resulted in increased serum HP and Mg, and decreased

serum Ca, cholesterol and protein (Table 40).

2. Trial 2

The interactions of age and diet treatment on

serum composition in Trial 2 are summarized in Tables 41-43.

In Trial 2, at the end of the 7 week experimental period,

the serum HP of the young rats was lower than the randomly

selected non Ca-depleted controls (Table 41). No other

[A • _'_
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significant differences in serum composition between experi-

mental and control rats were seen in either age group (Table

41).

In both young and old non Ca-depleted rats, increased

• diet Ca resulted in decreased serum HP and cholesterol, but

no change in serum Ca and Mg (Table 42).
In both young and old non Ca-depleted rats, increased

diet acidity resulted in increased serum HP, and no chenge in

serum Ca and Mg, while the effect on serum cholesterol was

quadratic (Table 43).

E. Soft Tissue Mineralization

1. Trial 1

The interactions of age and diet treatment on soft

tissue mineralization in Trial 1 are summarized in Tables

44-47.

In Trial 1, the 7 week period of Ca depletion with a

Ca-def'iient (0.16%), low Mg (0.04%) diet resulted in nephro-

calcino'is in young growing rats as evidenced by mineral

analyses of control kidneys (Table 44) and confirmed by

histopathologic examination (Figure IA). The depletion diet 1'

did not produce nephrocalcinosis in old rats (Figure 1B), or

cardiac calcinosis in either age group (Table 44).

"With increased diet Ca, heart Ca increased and Mg de-

creased in both age groups (Table 45). In Ca-depleted old

rats, kidney Ca increased and Mg decreased with increased

diet Ca (Table 45), although both Ca and Mg levels of the

already calcified young kidneys were lower with increased
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diet Ca (Table 45). 'The lower kidney Ca levels of young

rats were confirmed by histopathologic examination (Figure

2A,B).

Increased diet protein per se had no significant effect

on soft tissue mineral levels (Table 46).

In Ca-depleted old rats, acid addition to the repletiri

diets resalted in higher Ca and lower Mg levels in both the

heart and kidney (Table 46). These mineral levels fell with-

in normal ranges. In Ca-depleted young rats, diet acid

addition resulted in a similar reciprocal effect on heart Ca

and Mg levels. However, both Ca and Mg levels of the already

calcified kidneys of Ca-depleted young rats were higher on

the acid-added diets than on the natural diets (Table 47).

The higher kidney Ca levels of young rats were confirmed by

histopathologic examination (Figure lC,D).

2. Trial 2

The interactions of age and diet treatment on soft

tissue mineralization in Trial 2 are summarized in Tables

48-50.

The randomly selected controls of neither age group of

Trial 2 rats had calcified soft tissues, as indicated by

mineral analyses of the control hearts and kidneys (Table 48).

In Trial 2, the effects of increased diet Ca or acidity

on soft tissue mineral levels of the non Ca-depleted old rats

were identical to those in Trial 1. With increased diet Ca,

Ca increased and Mg decreased in both heart and kidney (Table

49). With increased diet acidity, both heart and kidney Ca

U 1- I - i
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increased and Mg decreased within the normal ranges (Table

50).

In the non Ca-depleted young rats of Trial 2, heart Ca

increased and heart Mg decreased with increased diet Ca

(Table 49) or increased diet acidity (Table 50), just as in

Fi the Ca-depleted young rats of Trial 1.

The low Mg level (0.05%) of the Trial 2 diets induced

nephrocalcinosis in the non Ca-depleted young rats just as

in the Ca-depleted young rats of Trial 1. In Trial 2 the

effect of diet Ca on the severity of nephrocalcinosis in the

young rats was identical to that in Trial 1. Increased diet

Ca resulted in lower levels of both Ca and Mg in the calci-

fied kidneys (Table 49). The lower kidney Ca levels were

confirmed by histopathologic examination (Figure 2C,D). The

effect of diet acidity on the severity of low diet Mg-induced

nephrocalcinosis in the non Ca-depleted young rats of Trial 2

was different from the effect of diet acidity on kidneys of

young rats already calcified by the low Mg, Ca-depletion

diet of Trial 1. In Trial 2 both systemic acidosis and

alkalosis resulted in lower levels of both Ca and Mg in the

0 calcified kidneys (Table 50). The lower kidney Ca levels

were confirmed by histopathologic examination (Figure 3A, B,

SC, D).

, The low diet Mg-induced nephrocalcinosis of young rats V
in both trials was confined to the medullary region (Figure

4A). There was no glomeruilar involvement (Figure 4B) as

calcification was confined to kidney tubules. The

. 4



4 *1-89-

calciFication in these trials began in the basement membrane

(Fif:.-.-re 4C), later involved the tubular f.ujthelial cells and

eventually led to the complete disintegration of the involved

tubules (Figure 4D).

~~ .1
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rI

* Pigur• 1.

Y A. Nephrocalclnosis in a young rat following a 7 week
period of Ca depletion with a Ca-deficient (0.16%),

4 low Mg (0.0411) diet (Table 44). This rat (#6C)
had 18,178 ppm kidney Ca by analysis. Von Kossa,
x14.

B. Normal kidney of an old rat following a 7 week period
of Ca depletion with a Ca-dericient (0.!6%), low
Mg (0.041%) diet (Table 44). This rat (#61c) had
266 ppm kidney Ca by analysis. Von Kossa, XJ4.

C. Moderate nephrocalcinosis in a young Ca-depleted
rat fed an acid-added diet (Table 47). This rat
(#A9) had 17,345 ppm kidney Ca by analysis. Von
Kossa, X14.

D. Slight nephrocaicino in a young Ca-depleted rat
fed a non acld-added let (Table 47). This rat
(#A12) had 3485 ppr dnev Ca by analysis. Von
Kossa, X14.
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o ~Figure d,

A. Slight nert .calcinosis in a young Ca-depleted rat
fed a 0.78- Ca diet (Table 45). This rat (#C39)
had 3536 ppm kidiiey Ca by analysis. Von Kossa,

* X14.

B. Moderate nephrocalcinosis in a young Ca-depleted
rat fed a 0.22% Ca diet (Table 45). This rat (#A2)
had 17,240 ppm kidnej Ca by analysis. Von Kossa,
X14.

C. Slight nephrocalcinosis in a young non-depleted rat
fed a 0.78% Ca diet (Table 49). This rat (#L34)
had 4379 ppm kidney Ca by analysis. Von Kossa,
X14.

D. Moderate nephrocalcinosis in a young non-depleted
rat fed a 0.48% Ca diet (Table 49). This rat I
(#K22) had 21,297 ppm kidney Ca by analysis.
Von Kossa, X14.
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Figure 3.

A. Slight nephrocalcinosis in a young non-depleted rat
fed a pH 5.0 diet (Table 50). This rat (#L37) had
2595 ppm kidney Ca by analysis. Von Kossa, X1I4.

B. Moderate nephrocalcinosis in a young non-depleted
rat fed a piH 5.8 diet (Table 50). This rat (#L39)
had 21,276 ppm kidney Ca by analysis. Von Kossa,
X14.

C. Very severe nephrocalcinosis in a young non-
depleted rat fed a pH 6.6 diet (Table 50). This
rat (#1,33) had 93,444 ppm kidney Ca by analysis.
Von Kossa, XI4.

D. Severe nephrocalcinosis in a young non-depleted
rat fed a pH 7.4 diet (Table 50). This rat (#L35)
had 49,803 ppm kidney Ca by analysis. Von Kossa,
x14.
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1

Figure 4.

A. Low diet Mg-induced uephrocalcinosis is confined to
the medullary region of the k.dney. Von Kossa,
X14.

B. There is no glomerular involvement in low diet Mg-
induced nephrocalcinosis. Von Kossa, X180.

C. Low diet Mg-induced nephrocalcinosis begins in the
basement membrane (arrows) and later involves the
the tubular epithelial cells. Von Kossa, X450.

D. Low diet Mg-induced nephrocalcinosis eventually
leads to complete disintegration of the involved
kidney tubules. Von Kossa, X180.
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V. DISCUSSION

A. Dietary Effects on Osteopenia

1. Eff'ects of Calcium

It has been stated that "osteoporosis" can be pro-

duced and cured in rats by low and high Ca diets (ili). It

has certainly been shown that diets containing levels of Ca

below NRC recommendatIons result in increased bone resorption

and decreased bone deposition in rats (67). This effect has

been shown to result in decreased bone ash and "osteoporosis"

(312). By the same token, ingesting of diet Ca levels above

NRC recommendations has been reported to increase skeletal

calcification (105). However, 0.48% diet Ca has been re-

ported as the level necessary for maximal mineralization of

the rat skeleton (37). Another study shows cortical thick-

ness of rat bones increasing with increasing diet Ca up to

0.36% (33). Similarly, a curvilinear increase In bone density

in humans has been shown with increasing diet Ca up to 0.50%

(308). Still another study with rats (in 2 separate trials)

showed femur Ca increasing with increased diet Ca between

"d 0.32 to 0.64% and between 0.18 to 0.69% with no further In-
crease in femur Ca above 0.64 or 0.69% diet Ca (266). It

a would seem, therefore, that with increasing diet Ca, a point

is reached where the amount of Ca available for bone mineral- [
Izatlon is at the saturation level. The data in the present

Investigation are In agreement with the above findings.

In Trial 1, the repleted young rats had greater bone

A
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deposition at both the subperiosteal and endosteal surfaces,

as shown radiographically (Table 16 and Figure 5A) and con-

firmed histopathologically (Figure 6), compared to the Ca-

depleted (0.16%) controls. Furthermore, the repleted young

rats had greater femur Ca and Mg (Table 27), ash, density and

specific gravity (Table 23) compared to the Ca-depleted con-

trols. The greater femur density of the repleted young rats,

compared to the Ca-depleted controls, was also confirmed by

histopatholoeic examination (Figure 6). On transverse

sections, the larger resorption cavities and almost non-

existent subperlosteal lamellar bone layer of the thin femur

cortex of The Ca-depleted young rat were evident (Figure 6A).

Conversely, Ca repletion was shown to result in a much wider

cortex r-rsulting from grossly thickened lamellar bone layers

at both surfaces, in addition to an abundance of cementing

lines and retention of chondroid core (Figure 6B). On longi-

tudirnal sections, Ca depletion of the young rat was shown to

produce thin trabeculae (Figure 6j), while repletion of the

young rat resulted In thick trabecular bone with a consider-

able amount of chondroid core retained in the diaphyseal

* secondary spongiosa (Figure 6D).

The conclusion, therefore, is that Ca depletion does

produce osteopenia ("osteoporosis") in the young rat, through

the mechanisms of increased bone resporption and decreased

bone deposition. In addition, Ca repletion of the young rat

overcomes this "osteoporotic" condition through increased

bone deposition and decreased resorption. This conclusion

U . - - . ---- --- - - ___
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is further supported by the lower serum hydroxyproline (HP)

levels of the repleted young rats (Table 37) and is in agree-

ment with other researchers who suggest that Ca supplementa-

tion can overcome "osteoporosis" in man (64), dogs (170) and

rats (267).

Ca depletion-repletion showed no significant effects on

old rat femurs, either radiographlcally (Table 16), gravi-

metrically (Table 23), chemically (Table 27) or histopatho-

logically. The old rats seemed to be more refractory to

changes in diet Ca. This finding is in agreement with

Romasz (26b) who also showed that the bone of rits becomes

less susceptible to diet Ca manipulation with age. This

effect is probably due to a smaller exchangeable Ca pool in

the bone of older animals (180,181,222).

In Trial 2, young rats at the end of the 7 week experi-

mental period had increased femur radiographic (Table 20 and

Figure 5B) and gravimetric (Table 31) measurements, as well

as reduced serum HP (Table 41), compared to the randomly

selected initial controls. But these differences can be

contributed to normal bone growth and aging rather than a

c function of "osteoporotic" resporption. This was ably demon-

strated by histopathological examination (Figure 7). In

transverse sections, che femur cortex of the initial control

rat (although thin and porous) had a thick subperiosteal

lamellar layer, numerous cementing lines and a considerable

amount of retained chondroid core indicating normal bone

deposition and mineralization (Figure 7A). At the end of
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the experimental period, the femur cortex was wider as a

result of growth, but nc difference existed in lamellar bone,

cementing lines or chondroid core retention (Figure 7B).

Similarly in longitudinal sections, the experimnntal feeding

period resulted in a more dense secondary spongiosia with

thicker trabeculae (Figure 7D) than was present in the younger

initial control (Figure 7C). However, the relative amounts

of retained chondroid core in the femur secondary spongiosa

of the 2 groups is basically the same indicating no "osteo-

porotic" condition present in Trial 2.

In Trial 1, increasing the repletion diet Ca level from

0.22 to 0.78% improved the degree of recovery from "osteo-

porosis" caused by the 6 week Ca depletion period. This was

0 hown by an increase in the radiographic measurements T, M

arid CA (Table 17 and Figure 8A). Cortical thickness, PCA and

CI were reduced with increased diet Ca due to an increased

stimulation in rate of bone turnover at the endosteal surface.

This finding Is consistent with previous reports of rats re-

covering from Ca deficiency (126). Gravimetric measurements

also showed the beneficial effect of increasing the Ca level

of the repletion diets fed to young rats (Table 24). This

latter effect is the result of increased bone deposition in

relation to resorption with increased diet Ca, as indicated

S by decreased serum HP levels (Table 38) and confirmed by

histopathologic examination (Figure 9). In transverse sections

of young Trial 1 rat femurs, it was shown that the 0.78% Ca

hi - !
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diet resulted in more numerous cementing lines and relatively

more retaincd chondroid core (Pigure 9B) than did the 0.22%

Ca diet (Figure 9A). In longitiadinal sections, it was evident

that the 0.78t Ca diet resulted in thicker trabeculae with

"considerably more chondroid -ore (Figure 9D) than did the
A

0.221 Ca diet (Figure 9C).

The old rats in Trial 1 proved to be refractory to

radiographic changes with increased Ca level in the reple-

tion diet (Table 17). However, they were gravimetrically

similar to the young rats (Table 24), as well as showing the

same response in serum HP with increased diet Ca (Table 38).

This finding should therefore give hope that, despite the re-

fractoriness of mature bone, a diligent program of Ca supple-

mentation might overcome the effects of "osteoporosis" In

older Individuals as suggested by other researchers (170,173,

176). Furthermore, serum HP may be a useful tool for the

early diagnosis of "osteoporosis" in the aged when the other

clinical signs are still negative.

In Trial 2, the normally mineralized femurs of both

young and old rats were refractory to radiographic changes

* with increased diet Ca (Table 21). Nevertheless, increasing

diet Ca from 0.48 to 0.78% did produce gravimetric changes
in the femurs of both age groups (Table 32) similar to the

* changes in Trial 1. Serum HP changes in Trial 2 (Table 42)

were also identical to Trial 1. However, histopathologically,

very little (if any) difference can be seen in femurs from

the 2 diet Ca regimens of Trial 2 (Figure 10) since at both
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0.8iD and 3. 78% C:, th, f,-murs ? t "in Cn-'p I'td rats were

well mineralized.

With one exception, diet Ca level had no effect on femur

mineral comnpsition of either age group of rats in both

trials when those minerals were expressed as percent in ash.

That one exception was K in Trial 2. With increased diet Ca,

femur K percent in ash was significantly decreased in both

young and old rats (Table 35). Potassium is the major intra-

cellular catIcn as well as the major cation present in the

extracellular fluid of bone (46,184). Decreased K percent in

ash with increased diet Ca may represent a cation exchange.

It may also represent a decrease in the extracellular fluid

dontont and/ori'matrix of bone with increased mineralization.

Otherwise, it can be seer. from this study that, chemically,

bone is unaffected by diet treatment. Age, on the other

narid, created some significant differences in femur mineral

curni-oitlionj (Table 3'4).

2. Effec-s of Protein

Optimal skeletal development requires optimal nu-

Striton. The optimum refers to amounts of and balance be-

tweer nutrients and varies with species, physiological state

and age. Since retarded growth is a common denominator of

imbalances and deficiencies, maximal growth is often con-

sidered a criterion of optimal nutrition. There is evidence,

however, that optimal nutrition in terms of growth may be

overnutrition in terms of skeletal development (131). Over-

nutrition is an excessive Intake of a complete diet or of a

- 4••.... . - •-2: - ."__ _...__ _ .__ __ .- _. . -_ _ -'-_
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specific nutrient. Clinical and experimental studies have

indicated negative effects on skeletal development by over-

nutrition and too rapid growth in both children (79) and rats

(269). Although some researchers have shown that increased

Sbut not exuesoive diet protein 1'ed to rats results In in-

creased femur ash, Ca and density (87), other researchers

have demonstrated that unrestricted amounts of protein fed

to rats results in decreased cortical thickness (269). The

present study confirmed the above findings.

In the young rats of Trial I, increased diet protein

resulted In decreased bone resorption as confirmed by de-

creased serum HP levels (Table 39), and Increased femur densi-

ty and specit'ic gravity as shown by gravimetric measurements

(Table 25). Both findings were confirmed by histopathologic

examination (igure 11). Transverse sections of femurs of
$

young rats showed a predominance of "arrested resorption",

cementing lines in the cortex of rats fed 36% protein (Figure

llB) compared to the absence of such lines in the cortex of

rats fed 9% protein (Figure I1A). Retained chondroid core

in the cortex of young rats fed 36% protein (Figure liB) was

a another indication of decreased resorption and therefore in-

creased femur density with increased diet protein. Similarly,

longitudinal sections of femurs of young rats showed thin

a trabeculae with an absence of chondroid core in the secondary

spongiosa of the diaphysis of rats fed '% protein (Figure

llC), compared to the thick trabeculae with abundant retained

chondroid core of rats fed 36% protein (Figure liD). Besides

I

i t.'•. ..... •o~~~~~~~~~....:"-...-•L••-7•• ••-•• • .
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the increased femur density in the young rats of Trial 1, in-

creased diet protein also resulted in Increased bone turn-

over and Increased total cortical area as demonstrated radio-

graphically (Table 1). The increased bone turnover was

characterized by Increased subperiosteal deposition and in-

creased endosteal resorption (Figure 8B). The increased sub-

perlosteal lamellar thickening was also confirmed histopatho-

l•glcally (Flrure 11B). However, despite the increased bone

t. 4rnover, CA -nd density with increased diet protein in the

young rat, C, PCA and CI were reduced (Table 18 and Figure

8B). The conclusion, therefore, in the young growing rat is

that maximal skeletal growth rate stimulated by high diet

protein may b~e incompatible with optimal skeletal character-

istics.

In the old rats of Trial 1, increased diet protein from

9 to 18% also resulted in decreased bone resorption as con-

firmed by decreased serum HP levels (Table 39), and increased

femur density and specific gravity as shown by gravimetric

!neasurements (Table 25). The effects of increased diet I

protein on decreased bone resorption and increased bone densi-

ty was probably mediated through hypercalcitoninism, as has

been shown In dogs (131). These effects were shown by

histopathologic section (Figure 12). Transverse sections of

femurs of old rats showed an absence of cementing lines or

retained chondroid core in rats 1ed 9% diet protein (Figure

12A), and a predominance of cementing lines, retained

chondroid core and a thick subperiosteal lamellar region in

4i '
_ ____
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rats fed 18% diet protein (Figure 12B). Similarly, in longi-

tudinal sections, the 9% protein fed rat had thin trabecular

bone with no retained chondrold core (Figure 12D), while the

1,5% protein fe2d rat had thick trabecular bone with abundant

4 ,chondreld core (Fi7ure 12E), indicating decreased resorption
p• and aincreased density.

The excessive increase in diet protein from 18 to 36%

"resulted in osteopenla in the old rats of Trial 1 as demon-

strated by decreases in femur density and specific gravity

('Pribl,ý 25). This finding is consistent with a recent report

by Beechei' and Coupain (27) which suggested that "osteo-

porotic" like conditions are induced by feeding high diet

rrotein to rats during adulthood. Decreased femur density,

in itsrelf, might surggest increased bone resorption as a re-

suit of hyperparathyroidisi. Nutritional secondary hyper-

parathyroidism could occur with excessive diet protein as

a result of the high P content of protein. However, the

diut P level was maintained at a constant level (0.44%) in

Trial I to eliminate the Ca:P variable. Furthermore,

Beccher an•d Coupain showed that high diet protein-induced

"f"osteoporosis" occurs independent of diet P level (27).

Increased bone resorption could occur with excessive diet

protein as a result of the acid-ash nature of protein. The

* present study has shown the osteopenic effect of increased

diet acidity (Tables 19, 22, 26, 33). The excessive diet

protein-induced osteopenia in old rats in Trial 1 cannot be

mediated through increased bone resorption, however, because

7
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serum HP levels were further reduced in the 36% protein fed

old rats (Table 39). Instead, the osteopenia seen here is

probably a further manifestation of hypercalcitoninism which

would be in accord with the findings in dogs with hyper-

calitoninism produced by protein overnutrition (131). The

reduced femur density and serum HP levels in the 36% protein

fed old rats reflect decreased bone deposition and retarded

bone remodeling as shown by histopathologic section (Figure

12). The femur transverse section of the 36% protein fed

old rat showed a thick, well established endosteal lamellar

bone layer indicating retardad remodeling (Figure 12C), a

result of hypercalcitoninism. In the longitudinal section,

the 36% protein fed old rat had sparse, thin and irregular

trabecular bone (Figure 12F). This latter effect of exces-

sive diet protein may be the result of hypercalcitoninism

inhibiting normal cartilage (and therefore bone) formation,

as shown in dogs (131), and/or a direct action of acidosis

in retarding bone deposition. It is therefore clear that,

in the old rat, excess diet protein produces undesirable

skeletal characteristics that are not detectable by radio-

grammetry (Table 18) or mineral analyses (Table 29).

3. Effects of Acidity

It has often been suggested that bone acts to buffer

"hydrogen ions and in doing so releases Ca ions (61,282).

Leamann et al. (192) offered further evidence for the parti-

cipation of bone mineral in the defense against chronic meta-

bolic acidosis. They reported that "as the acid load is
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Initiated, extracellular and intracellular buffer systems

* are titrated. As acid retention continues, intracellular

and bone buffers and, finally bone mineral alone, appear to

provide the additional buffer reserves." This action of bone

P as a buffer has further been shown to result in bone loss.

For example, chronic ingestion cf NH4 0I in rats resulted in

significant loss of bone tissue, including both the organic

and inorganic phases of bone, with no change in serum Ca *
a

(22). This bone loss was due to increased resorption. Con-

versely, chronic ingestion of alkali resulted in prevention

of osteopenia, due to increased bone formation (22). Another

study also showed that the excessive administration of NH4 CI.
I

to rats caused the development of "osteoporosis" (19). The

"osteoporosis" was due to loss of bone substance and bone

mineral associated with increased bone resorption. The bone

loss in the latter study was indicated by a decrease In bone

length, volume, density, fat-free dry weight, ash and Ca.

Histopathologic examination in that study showed that these

bones were indeed "osteoporotic", with less and thinner

trabeculae, and with no abnormal osteold seams or cementing

lines.

The data of the present study reinforces the validity

b of these findings. In both Ca-depleted and non-depleted

young rats, increased diet acidity resulted in reduced sub-

periosteal deposition and increased endosteal turnover

(Tables 19, 22 and Figure 13), both indicative of increased

bone resorption. Retarded subperlosteal deposition in both
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Ca-depleted and non-depleted old rats with Increased diet

acidity also indicate the demand on bone mineral as a buffer

(Tables 19 and 22). Increased diet acidity also resulted

in decreased femur density and specific gravity in both age

groups of Ca-depleted (Table 27) and non-depleted (Table 33)

rats. This "osteoporotic" effect of diet acidity was con-

firmed by histopathologic examination of femurs of young rats

(Figures 14-16). Transverse sections of Trial 1 young femurs

showed that diet acid addition resulted in a thin lamellar

layer at both bone surfaces, and a lack of cementing

lines and retained chondroid core (Figure 14A). Conversely,

in the young Trial 1 rat the natural diet resulted in

thickened lamellar bone at both surfaces, as well as an

abundance of cementing lines and considerable amounts of

retained chondroid core, indicating decreased resorption

(Figure 14B). Longitudinal sections of Trial 1 young rat

femurs showed that diet acid addition results in thin sparse

trabeculae in the secondary spongiosa of the diaphysis

(Figure 14C), while the natural. diet produces thick tra-

beculae with considerable amounts of retained chondroid core

a (Figure 14D). Transverse sections of Trial 2 young rat

femurs showed that the pH 5.0 diet resulted in numerous re-

& sorption cavities (Figures 15A), while the pH 5.8 diet resulted

C in numerous resorption cavities and an occasional cementing

line indicating infrequent periods of decreased resorption

(Figure 158). The pH 6.6 diet resulted in a slightly

thickened lamellar layer at both bone surfaces, plus

----------------------------
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numerous cementing lines and some retained chondroid core

(Figure 15C). The PH 7.4 diet resulted in a greatly thick-

ened lamellar layer at both surfaces, extensive cementing

lines and an abundance of chondroid core (Figure 15D). Longi-

"tudinal sections of Trial 2 young rat femurs showed that the

trabeculae of the diaphyseal secondary spongiosa are thin

and sparse with the PH 5.0 diet (Figure 16A) and are thicker

with relatively small amounts of chondroid core with the pH

5.8 diet (Figure 16B). The pH 6.6 diet resulted in an even

greater thickening of the trabeculae with a greater amount

of retained chondroid core (Figure 16C), while the femur

diaphysis of the young rat fed the pH 7.4 diet was exten-

sively laced with trabecular bone which contained an abundant

amount of retained chondroid core (Figure 16D).

4 The "osteoporotic" effect of diet acidity through a gen-

eral mechanism of increased bone resorption was further

zupported by an Increase in -erum HP with increased diet

ý-ic.ity in young and old rats in both trials (Tables 40 and

43). Increased serum HP levels have been shown to be a t
reliable indicator of increased bone catabolism in rats

B (266).

The specific "osteoporotic" effect of increased bone re-

sorption due to increased diet acidity was shown to consist

* of osteocytic osteolysis and osteocytic chondrolysis. In -

the cortical bone of rats fed high acid diets (Figure 15A),

the existing resorption cavities occurred in the center of

individual osteons. These re3orption cavities developed as
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the result of bone resorption at the periphery of the osteons

occurring at a faster rate than deposition at the osteonic

centers, along with flow of bone toward the periphery. This

process has been called osteocytic osteolysis (28). In the

4 trabecular bone of rats fed acid-added diets (Figure 14C),

the disappearance of chondroid core in the secondary sponglosa

is an indication of osteocytic chondrolysis. In the primary

spongiosa, the core is covered by bone and there are no free

surfaces for osteoclasts or "chondroclasts" on which to act.

The only cell available for removal of the core is the re-

sorbing osteocyte. This process has been named osteocytic

chondrolysis (305).

Despite the "osteoporotic" effect of diet acidity, the

mineral composition of femurs of both age groups of rats in

both trials (when these minerals were expressed as percent

In ash) were unchanged by diet acid levels (Tables 30 and 36).

This "osteoporosis" Is a change in the amount of bone tissue

rather than the chemical composition of bone tissue.

The overall conclusion from this study, therefore, is

that high acid diets can cause osteopenia (a general bone

* loss) in rats, through increased osteocytic resorption of

bone. However, chemically, the remaining bone (as a tissue)

is unchanged by diet acidity.

B. Soft Tissue Mineralization

1. General

Changes in mineral concentrations in tissues in

Mg-deficient animals have been documented in the literature
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(101,102,271). Chemical alterations In tissues are character-

ized by increased Ca concentration and decreased Mg concen-

tration in the heart, and increased Ca levels of the kidney.

Bellavia et al. (35) showed that Mg also accumulates in renal

tissue, probably due to codeposition with the Ca complexes.

The present report confirmed these changes.

Woodard (313) observed nephrocalcinosis in young grow-
Ing females, but not male, rats fed semipurified diets, which

met all NRC requirements (227) and determined that the macro-

mineral mixture was the dietary component causing nephrocalci-

nosis. Hurley et al. (142) showed that low Mg (0.040%) diets

fed to female rats cause a trend of high kidney Ca. Martin-

dale and Heaton (210) made a similar observation. The present

study shows kidney calcification occurring in young-growing

female rats fed 0.041-0.053% diet Mg (Tables 44, 48). Such

flndlings are indicative of IQg deficiency, even though previous

work has shown 0.040% diet Mg to be a lcvel that provides

optimum growth (179) and normal tissue Mg concentrations

(2141). The faster g-owing animals are those which may be

expected to exhibit the more marked Mg deficiency symptoms

* (101). The present study shows that pathologic levels of

kidney Ca can occur In Mg-deficient young growing rats in the

absence of clinical signs such as hyperexcitability or skin

* hyperemia (Tables 44, 48).

2. Effects of Calcium

It is difficult to suggest the nature of the preven-

tive action of Ca on renal calcinosis. There Is abundant

is!

hi1



-148-

evidence that one consequence of Mg deficiency in animals is

a disturbance of Ca metabolism. Since parathyroid hormone

(PTH) is a major factor controlling Ca metabolism, it is not

surprising that hypotheses regarding alterations ir. parathy-

roid gland (PT) activity in Mg deficiency have been proposed

(239). Both the cellular influx and efflux of Ca are facili-

tated by PTH (50). Borle (49) observel that purified PTH en-"3 3

hances uptake of Ca by monkey kidney cells. Associated with

this increased Ca uptake was an increase in cellular Ca and

Ca turnover. Rasmussen et al. (257) proposed that PTH acti-

vates adenyl cyclase, and that the resulting increase in

cyclic AMP (cAMP) increases the permeability of the cell

membrane to Ca++. Since the PTH-induced cellular efflux of

Ca predominares over the influx (50), it would seem that

depressingi PT activity should increase renal Ca by decreasing

efflux. However, Jowsey et al. (153) showed that secondary

hyperparathyroidism causes soft tissue calcification.

Furthermore, prolonged intravenous infusion of pure PTH in

young rats produced severe nephrocalcinosis; this effect was

blocked by simultaneous administration of calcitonin (CT)

ttS(256). Thus it would seem that depressing PT activity or

counteracting the effects of PTH would actually decrease

kidney calcification.

* High diet Ca can depress PT activity (258) and CT can

prevent renal calcification (94). Nevertheless, Mg deficiency

in the rat seems associated with increased CT secretion (258),

and it has been suggested that Mg deficiency is accompanied

a



by decreased PT activity, based on observations in Mg-

deficient cattle, sheep, dogs, monkeys, man and chickens

(239). The rat may be unique since many reports on this

species have indicated that Mg deficiency is associated with

increased PT activity, based on hypercalcemia, hypophos-

phatt_ýmla, and hyperphosphaturia (239). In addition, removal

of the PT (in the rat) prevents any rise in kidney Ca con-
C

p

centration (130).

Hyperparathyroidism, however, has not been clearly es-

tablished during Mg deficiency In rats based on cAMP excre-

tion data. Cyclic AMP excretion may be presumed to reflect

PT activity in the young rat. On this basis, Parker and

Forbes (239) concluded that: (1) Mg deficiency reduces PT

activity while P excess does not affect it; (2) both treat-

ments induce kidney calcification; and (3) Ca deficiency in-

creases FT activity irrespective of Mg status, although

nephrocalcinosis appears only in Mg-deficient animals. Their

data support the view that nephrocalcinosls of diet origin

in the rat is not mediated by increased PT activity (239).

We are left, then, with a paradox. On the one hand, the

PT must somehow be involved in kidney calcification, since

the kidneys of parathyroidectomized Mg-deficient rats fail

to calcify. The cAMP excretion data, on the other hand,

suggest that the Mg-deficient rat has, if anything, less PTH

output than normal animals (239). Furthermore, feeding extra

Ca, to lower PT activity prior to Mg deficiency, does not

prevent calcification (258). It therefore seems doubtful that

L I



hyperactivity of the PT during Mg deficiency induces kidney

* calcification. In fact, recent histological evidence showed

the PT in Mrg-deficient rats to be hypoactive in response to

hyper'calcemia (152).

'. Another possible suggestion for the nature of preventive

action of Ca on renal calcinosis is the modification of the

KCa:P ratio in the urine. Experimentally Induced ovine phos-

phatic urolithiasis can be reduced by raising the level of

diet Ca, which lowers the urine P level (62). Magnesium de-

ficiency has been shown to Increase P urinary excretion (in

normal or parathyroldectomized rats) and to decrease Ca

urinary excretion (258). Addition of Ca decreases P urinary

excretion anid increased Ca excretion (258). It has therefore

been suggested that modification of the Ca:P ratio in urine

prevents kidney calcification during Mg deficiency (258).

The fact that KK mice are genetically more susceptible to

Ag d:eficiency-induced renal calcification (explicable by a

lowered threshold level of the Ca/P product In the crystal

formation of Ca phosphate salts) provides further support for

this suggestion. Supplemental F inhibits the rise of the

co)ncenitration product, and partly prevents the development

of renal calcification. The action of F is based on a de-

* pressed urinary F excretion plus a dilution of the excreted

* Ca and F by a P-induced polyuria (141).

Still annt~her mode of' action In the inhibiticon of Mg

deficiency-induced nephrocalcinosis by increased diet Ca may

involve the replacement of Ca++ for Mg++ in non-pathologic
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tissues as demonstrated in the present study (Tables 45 and

49). Lncreasinii diet Ca would therefore increase normal

t. igsiw C:a++ -oncer:tratioria, thereby lowe-ring, Mg ++ levels in

the tissue and consequently freeing Mg++ to reduce the in-

4 I fluence of' diet ;Mg deficiency.

3. Effects of Systemic Acidosis and Alkalosis

,ilassman et al. (114) showed that 'H 4 Cl-Induced
.4 4

me;i ,bo lie 1c l"osis ii Lhe dog decreases proximal tubular re-

absorption of Ca. 8imilarly, Lemann et al. (193) showed that

chronic metabolic acidosis produce., increased urinary Ca ex-

cretion b-y de cr,,asing, Ca reabsorption. They suggested that

this is a direct, effect of metabolic acidosis on metabolic

processeo within renal tubular cells. Seek et al. (26)

showed that in the kidney, acute metabolic acidosis directly

inrhlbits the tubular reabsorption of Ca, but augments the in-

crtý-'sed tubular reabsor.tinn of Ca caused by PTH. Transbol

et a:. (296) showed that alkalosis inicreases intestinal ab-

sorption of Ca and probably the tubular reabsorption of Ca.

Kaye (5o6) showed that chronic metabolic acidosis de-

ipresses 1' activity, while alkalosis stimulates PT activity.

it has also been shown that in acute metabolic acidosis serum

Ca levels are elevated (26) while in chronic metabolic

Sacidosis they are decreased (191).

These data may partly explain the observed different

eff-cts of diet acidity on kidney calcification in the two

trials of the present study. In The Ca-depleted, Mg-deficient,

young rats of Trial I which developed a morL severe kidney

I -" , . . ..... .L i- .. . . .. •- "..
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calcification on the acid-added diets (Table 47), serum Ca

levels were also decreased as compared to those fed the non

acid-added diets (Table 40). These would be the expected

effects olf chronic metabolic acidosis (191), due to de-

pressed PT activity (156) and reduced renal tubular reabsorp-

tion of Ca (1114,193).

In Trial 2, however, diet acidity had no effect on serum

Ca levels (Table 43) although both acidosis and alkalosis re-

sulted in less severe nephrocalcinosis in the young-growing

rats (Table 50). The effects of alkalosis are the expected

ones in as much as tubular reabsorption of Ca would be in-

creased both as a direct effect of alkalosis on renal tubular

culls (296), and as an indirect effect of the stimulation of

the PT (156). Acidosis in this. latter trial did not have the

chronic effect of lowering serum Ca values, but may have

augmented the effect of PTH to increase tubular reabsorption

of Ca (26) and thus reduce the severity of nephrocalcinosis.

4. Mechanisms Involved in Nephrocalcinosis

It has been suggested that acute renal shutdown in

nephrocalcinosts is the result of cellular injury secondary

to intense renal tubular accumulation of Ca phosphate com-

plexes (145). Furthermore, the state of renal ground sub-

stance has been implicated in the initiation of this Ca

accumulation (16,259,279).

The ground substance is the extracellular amorphous matrix

interspersed between the tubular cells and it is the medium

through which metabolites and ions are continuously exchanged
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(146). The specific identity of the renal ground substance

is thought to be either glycoprotein or mucopolysaccharide

(or both) which are capable of binding Ca and P in the renal

tubules when altered (60).

The involvement of sulfated mucopolysaccharides in the

process of calcification has been demonstrated in several

investigations related to atherosclerosis and aortic plaque

formation (82,103,195). The involvement of a sulfated muco-

polysaccharide ground substance in the process of renal cal-

cifIcation due to prolonged Mg deficiency has also been re-

ported (60,1116). This involvement was indicated by sulfur

incorporation in the kidneys. Initiation of Mg deficiency-

induced renal calcification, however, was reported to precede

any change in sulfate uptake by the kidney tissue (146).

This would suggest that the initial increase in kidney Ca is

not rilatel to alteration in the renal ground substance and

therefore: iot extracellularly initiated.

Electron microscopic studies have shown that the initial

Ca deposits in kidneys of Mg-deficient rats are found either

within lysosome-like bodies or free in the cytoplasm of

kidney tubule cells (271). Another study showed that tubular

nephrosis begins by changes in the basement membrane of

kidney tubule cells (179). The present study also shows that

kidney calcification is an intracellularly initiated process,

beginning with the basement membrane (Figure 4C), later in-

volving the tubular epithelial cells and eventually leading

to the complete disintegration of the involved tubules
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(Figure 4D). This confirms that low die:t Mg-Induced nephro-

calcino;-is is dystrophic calcification rather than just pre-

cApitation of Ca salts in the tubular lumen. It therefore

appears reasonable to conclude that Ca accumulation commences

Intrac,'l3ularlU in the very early stages after a Mg deficlen-

cy begins, possibly due to the altered ionic composition of

the tubular fluld. With the continued passage of this ab-

normal tubular fluid through the extracellular substance, it

Is possible that the physical components are changed, causing

degenerativo changes predisposing to further extensive calci-

fication (156).

C. Cholest rolemia

Serum cholesterol was measured in both Trials 1 and 2.

In Trial 1, :3trum cholesterol of the depleted rats of both

age gruups was lower uhan in the repleted rats (Table 37).

There are severai possible explanations for this effect.

Tadayyon ct al. (293) has reported that a low: Ca:P ratio

in the diet will result In a decreased absorption of the long

chain saturaL-d Lriglycerldes. Several investigators (292,

293) have suggested that when this excess P (in relation to

4 Ca) is present in the alimentary tract, a Ca phosphate-fatty

acid complex is formed and excreted in the feces.

S Another explanation involves the report by Cheng et al.

(66) that diet Mg reduces the digestibility of high melting

poInt fats. The Mg level (0,04]-0.053%) of the depletion-

repletion diets has been shown in this study to be patho-

]gically low. It is therefore possible that the continued
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feeding of this low level of diet Mg during the repletion

perlod reduced the normal limiting, effect of diet Mg on fat

digestion, thereby resulting in a higher rate of fat absorp-

'ion and an increased level of serum cholesterol In the re-

pleted rat:-, compared to the deple'ted controls.

There is no certain explanation for the effect of diet

Ca on serum cholesterol and cholesterol metabolism. However,

'p various investigators seem to agree on the effect of diet Ca

on fat absorption. Excess Ca in the diet depresses absorp-

tion of rat in rats (54,66,99,100,31'4), rabbits (144), chicks

(95), lambs (76), dairy heifers (69), steers (7), infants

(52) and adult humans (23,81,201,315). It is suggested that

"the ingested fat may be hydrolyzed to free fatty acids,

forming Insoluble Ca soaps which are excreted in the feces

(117,2)3). It has also been reportec' that when either Ca or

i' Intake is high in relation to the other, the absorption of

the 1cnt; chain saturated triglycerides Is decreased (293).

Thi serum cholesterol data of the present study are in

agreement with these findings. In Trial 1, when the diet

Ca:P ratio was either low (0.22%:0.44%) or high (0.78%:

* 0.414), the serum cholesterol values of rats of both age

groups (Table 38) were lower than when the diet Ca:P ratio
was nearly equal (0.48:0.44i%). The same was true in

a Trial 2 where 0.78% diet Ca resulted in lower serum choles-

terol values than 0.I18% diet Ca in both age groups (Table

42). This same relationship was reported in another study

with rats where 0.44% diet. Ca resulted in higher serum
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cholesterol values than either 0.18%, 0.69% or 0.98% diet

Ca (266).

Tn Trial 1, increasing diet protein from 18 to 36% re-

sulted in decreased serum cholesterol values in rats of both

*) •age groups (Table 39). These data are in agreement with

other studies which have shown reduced serum cholesterol with

increased diet protein levels in the chick (194), Cebus monkey

(208) and rats (1,127). This effect may be a result of

changes in the composition of the lipoprotein moiety of the

serum, since it has been shown that at lower levels or pro-

tein, there is an increase in the percentage of lipid bound

to the B-lipoproteins of serum (194). However, we are left

with a paradox since 9% die, protein also resulted in de-

creased serum cholesterol values in rats of both age groups,

compared to those red 18% diet protein (Table 39). This may

be a protein X Ca interaction. The serum cholesterol values

for rats fed 9% diet protein are averaged across two diet Ca

levels, 0.22% and 0.78%, which represent either a low (0.22%:

0.44%) or high (0.78%:0.411% diet Ca:P ratio. As stated

above, both a low or high diet Ca:P ratio results in de-

creased serum cholesterol levels. On the other hand, the

serum cholesterol values for rats fed 18% diet protein repre-

sent a nearly equal (0.U8%:0.44%) diet Ca:P ratio which

a has been shown to result in increased serum cholesterol, as

stated above.

Another explanation to this paradox may involve the

Ca-depleted status of the Trial 1 rats. The present study has

shjn that, In the Ca-Oepleted rat, Increasing diet protein
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foPM 9 to 18ý ntiiflnihiŽ. the ratL, of bone turnover and

growth. This would in turn increase the demand for Ca being

absorbed through the gut, there_,by reducing the amount of

available Ca for forming insoluble Ca soaps in the gut. On

the Jther handi, tne excessive incre-se of diet protein from

" 1.3 to 36% has been shown in the present study to reduce bone

I tresorption in the young rat and retard bone deposition and

remodeling in the old rat. These latter effects would de-
t.-v, ase the demand tor Ca absorptior through the gut, thereby

inc:reasing the amount of available Ca for forming insoluble

"a soaps.

in Trial 1, acid addition to the diet resulted in de-

creased serum cholesterol values in rats of both age groups

('Ible 40). A possible explanatlion of this effect may be

rel-itcd to thc inverse relationship between serum Mg and

SCUGJA ;.i v•ol k-vels -een In this trial (Table 40). Such an

Inverse relationship between the levels of Mg and cholester-

ol tias previously been reported in the serum of man (38)

an.,I rat (249). Furthermore, it has been shown that parenteral

i•.,nitratan of Mg sulfate to patients with coronary throm-

Sboi-s :mproves their abnormal lipoprotein pattern (205).

in Trial 2, increased diet acla5ty from pH 6.6 to pH

S5.0J al•, v'su1ted In decreased serum cholesterol values in

rats of both age groups, but without an inverse effect on
serum Mg (Table 43). No explanation Is offered for this

df fe ren .

In Tr.ln] 2, increased diet alkalinity from phi 6.6 to

ii __



-158-

pH 7.4 resulted in decreased serum cholesterol values in rats

of both age groups (Tabl.e, h 3 ). This may be due to an effect

of the alkaline diet reducing the efficiency of absorption

of Ca from the c-ut (5,90,207), thereby increasing the avail-

, ability of Ca for forming; insoluble Ca soaps.

.Old rats have been shown to have higher serum choles-

terol values than young rats (266). The present study con-

firms this finding (Tables 37 and 41) and demonstrates that

this effect Ls independent of di-t regimen.

a!

i
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Fi14ure 5.

A. increased subperiosteal (T) and endosteal (M)
deposition shown in Trial 1 repleted young rae1ts
compared to the Ca-depleted controls (Table 16).
Cortical thickness (C), cortical a-ea (CA) and
percent cortical area (PCA) are increased by
replet ion.

B. Increased subperiosteal (T) deposition and
r-ndosteal (M) resorption shown in Trial 2 young

test rats compared to the initial controls
(Table 20). Cortical thickness (C), cortical
area (CA) and percent cortical area (PCA) are
abnu•iutely increased. These changes all represent
norm•l bone growth with aging.

4t
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A.

T increased
0.080 mm

( _ _M decreased
0.082 mm

C increased
0.162 mm

Dopletion Repletion CA increased0. 66 ram2

PCA increased
5.7%

B.

T increased
0.509 mm

M Increased
0.273 mm

- C increased
0. 237 mm

* * ~Control Test.037rn
: iCA Increased

1.47 mm2

PCA increased
3.1%
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Figure 6.

A. Femur transverse section of a Ca-depleted young

rat (#A6). Large resorption cavities (horizontal
arrows) and a thin subperiosteal lamellar bone
layer (vrtical arrow) are evident. H & E, XIlO.

B. Femur ;oransverse .section of a Ca-repleted young
rat (#C35). Thickened lamellar bone at both
surfaces (vertical arrows), abundant cementing
lines (horizontal arrows) and retained chondroid
core are evident. H & E, X]II.

C. Femur icngitudinal section of a Ca-depleted young
rat (#A6). Thin trabeculae (arrow) are evident.
H & E, X75.

D. Femur longitudinal section of a Ca-repleted young
rat (#Bi4). Thick trabeculae (horizontal arrow)
and contsiderable retained chondroid core (vertical
arrow) are present in the diaphyseal secondary
spongicoa. H & E, X75.

4Fti
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•P" ure 7.

A. P .mur tranr•sverse section of a Trial 2 control young
rat (#K13). The thick subperiosteal lamellar bone
layer, numerous cementing lines (vertical arrow) and
c•n eidorab1• eretalne.i chonaroid core (horizontal
prey) ,are -cu-,ldent 1-- the thin cortex. H & E, XllO.

i. Femur transverse section of a Trial 2 experimental $

young rat (#7,35). The thick subperiosteal lamellar
bone layer, numerous cementing lines (vertical arrow)
and co!-Iderable retained chondroid core (horizontal
arrow) are Žvident !n the thick cortex. H&E, XlI0.

&. e.m•Ur iong~ziunai section or a Trial 2 control yotung
nqt (#Y23)- PThen sparse traberzulae (vertical I
arrow) with considerable retained chondroid core

(hor!zontal arrow) are evident. H & E, X75.

2. Ft.nur loiigitudinal pection of a Trial 2 experimental
young rat (#L35). Thick trabeculae with considerable
retained chondroid core (arrow) are evident.
H & E, X75.

a
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F

A. increasod subpcrlosteal (T) deposition and increased
* cn'doztcal (>1 resorption shown in Trial 1 young rats

fe] a 0.78T Ca diet compared to young rats fed a
0.22 Ca diet (Table 17). Increased bone turnover with
the in-n'eased diet Ca resulted in greater tortlal
area (CA), but a thinner cortex (C) and reduced
percent cortical area (PC). "0

3. Increased subperiosteal (T) deposition and increased
endosteal (M) resorption shown In Trial 1 young
rats fed a j•6 protein d.-t cinnared to young rats
fed a 9. protein diet (Table 15). Increased bone
tur:ov:er with the increased diet protein resulted
in Rreatc. cortical area (CA), but a thinner cortex
(C) and rc.duced percent cortical area (PCA).

I

i°i
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A..

T increased

M increased

0. 231 mm

C decreased
0.055 rul

,3 22 "• n78% Ca
22...... CA increased

O 3 _n2

PrA decreased

S~0. 150 mm.T increased

0.173 mir

* C decreased
0. 077 rm

CA increased
S91A Protein 36f Protein 0.19 num?

P2A decreased
3.1%
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S• Figure 9.

A. Femur transverse section of a Trial 1 young rat

(#AW) fed a 0.22% Ca diet. Occasional cementing
lines (vertical arrow) and retained chondroid core
(horizontal arrow) are evident. H & E, XIlO.

B. Femur transverse section of a Trial 1 young rat
(#B26) fed a 0.78% Ca diet. Numerous cementing
lines (vertical arrow) and considerable retained
chondrold core (horizontal arrow) are evident.
Hi & E, X11O.

C. Femur longitudinal section of a Trial 1 young rat
(#Al) fed a 0.22% Ca diet. Thin sparse trabeculae
(horizontal arrows) with very little retained
chondroid core (vertical arrow) are evident.H & E, X75.

D. Femur longitudinal section of a Trial 1 young rat
(#B14) fed a 0.78% Ca diet. Thick trabeculae
(horizontal arrows) with considerable retained
chondroid core (vertical arrow) are evident.
H & E, X75.
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A. Femur transverse section of a Trial 2 young rat
M#39) fed a 0.48% Ca diet. J'Aumerous cementing

lines (vertical arrow) and considerable retained
chondroid core (horizontal arrow) are evident.H & g, Xr10.0.

B. Femur transverse section of a Trial 2 young rat

(M31) fed a 0.78% Ca diet. Numerous cementing
lines (vertical arrow) and considerable retained
chondroid core (horizontal arrow) are evident.

H & E, XllO.

C. Femur lrnsvitudinal section of a Trial 2 young rat
(#L37) fed a 0.78% Ca diet. Thick troabeculae
lhoiznes(etial arrow) andh considerable retained

chondroid core (vertical arrow) are evident.
H & E, X75.

D. Femur longitudinal section of a Trial 2 young rat
(#L38) fed a 0.78% Ca diet. Thick trabeculae
(horizontal arrow) with considerable retained
chondroid core (vertical arrow) are evident.
H & E, X75.

4
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Figure 1i.

A. Femur transverse section of a Trial 1 young rat
(#C3'7) fed a 9% protein diet. No cementing lines
or retained chondroid core are present. H & E,

XllO.

B. Femur transverse section of a Trial 1 young rat
(#C35) fed a 36% protein diet. The thick sub-
periosteal tamellar bone layer (between vertical
arrows), numerous cementing lines (horizontal
arrow) and considerable retained chondrold core
are evident. H & E, XI1O.

C. Femur longitudinal section of a Trial i young
rat (#C37) fed a 9% protein diet. Thin trabeculae j
(arrows) with no retained chotidroid core are
evident. H & E, X75.

D. Femur longitudinal section of a Trial 1 young rat
(#C35) fed a 36% protein diet. Thick trabeculae
(horizontal arrows) with considerable retained
chondroid core (vertical arrow) are evident.
H & E, X75.

4
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A

7Figure 12.

d A. Femur transverse section of a Trial 1 old rat (#E58)
fed a 9' protein Ciet. No cementIng lines or
r~tained chondroid core are present. H & E, Xll0.

B. Femur transverse section of A Trial 1 old rat (#H93)
fed r-n 18% protein diet. Numerous cementing lines
(vertical arrow) and retained chondroid core
thorizonta] arrow) are evident. H & E, X110.

C. Fu,-mur transverse section of a Trial I old rat
(,PcT87) fed a 36' protein diet. The thick unrernodeled I
endosteal lamellar bone layer (arrow) is evident.
H & E, XilO.

D. Femur longitudinal section of a Trial 1 old rat
(#H95) fed a 9% protein diet. The thin trabeculae
(arrows) with no retained chondroid core are
evident. H & E, X75.

Femur longitudinal section of a Trial 1 old rat
(#H99) fed an 18% protein diet. The thick trabeculae
(horizontal arrow) with considerable retained
chondroid core (vertical arrow) are evident.
H & E, X75.

F. Femur longitudinal section of a Trial I old rat
(#F66) fed a 36% protein diet. The thin, sparse
and irregular trabeculae (arrow) are evident.

t 1-H & E, X75.
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.-ir;rc 13.

A. Decreased subperlosteal (T) deposition and increased
endosteal (M) resorption shown in Trial 1 young
rats fed :.r. acid-added diet compared to young rats
;ed a nor, acid-added diet (Table 19). Cortical
thický,ess (C), cortical area (CA) and percent cortical
area (P-CA) were reduced as a result of increased
diet acidity.

B. Decreased subperiosteal MT) deposition and increased
endosteal M.!) resorption shown in Trial 2 young rats
fed 2 •H 5.0 diet compared to young rats fed a pH 7.4
Orel "Thbin 22). Co-itcal thickness (C), cortical
area (CA) and percent cortical area (PCA) were re-
duced as a result of increased diet acidity.

It

* . .
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A.

T decreased
0.013 m.
M increased

0.027 mm

C decreased
0.039 ur

:Non AcIc-Aflccid .cicd-AdJed CA decreased
0.14 mm2

PCA decreased

B..

______T decreased
O.061 mm

M increased
* 0.042 mm

C decreased
0.103 mm

pH 7.4 pH 5.0 CA decreased
0.143 mml

PCA decreased
3.5%

12 __
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i Figure 14.

A. Pemrur transverse s-,ction of a Trial 1 younm rat
*(#Di!) fed an acid-added diet. There is a thin

1ame1.a•i bone lavor at both the subperiosteal and
Sendcsteai surfaces (arrows). Very few cementing
l;nes and retsaned ,h-ondroid core are present.
H % F, XI1Q.

B. Fc:'>jr, transverse section of a Trial 1 young rat
(B .)fed a non acid-added diet. There is a

thl,•V in-ellar bone layer at both the subperiosteai
and ctiI-ist-ea2 surfac -.-z (vertcal arrows). Numerous
ct-lf"ren !nf, lii.es t horizonta] arrow) and considerable
retaircd chondroId core are evident. H & E, XIIO.

.Fe ,,ur innt'udinal section of a Trial 1 young rat
(MD4I) fed an acid-added diet. The thin sparse
trabe~ulAt. (arrows) with no retained chondroid core
are u-vident. U& F, X75.

D. Femur ingiltudinal section of a Trial 1 young rat
(#F75) led a non acld-added diet. The thick
trabecula•e (horizontal arrows) with considerable
rntained chondrold core (vertical arrow) are evident.
H & F, X75.
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i

S Figure 15.

A. Femur transverse section of a Trial 2 young rat
(4L3o) fed a pH 5.0 diet. Numerous resorption
cavities (arrows) are present. 1i & E, X1l0.

B. Femur transverse sect ion of a Trial 2 young rat
(#1,3?) fed a pi1 5.8 diet. Numerous resorption
cavities (horizontal arrow) and an occasional
cementing line (vertical arrow) are evident.
11 & 1:, X110.

I

C. Femur transverse section of a Trial 2 young rat
(#L31) fed a pH 6.6 diet. Numerous cementing
lines (horizontal arrows) and some retained
choiidroid core are evident. H & E, Xll0.

U. iPmur transvcrst' section of a Trial 2 young rat
(#L34) fed a PH 7.4 diet. There is a greatly
thickened lamellar bone layer at both the sub-
perIosteal and endosteai surfaces (vertical
arrows). Extensive cementing lines and an
abundance of retained chondroid core (horizontal
a"rows) are evident. H & F, Xli0.
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Fl cur,' 16.

A. Pemu, longitudinal suection of a Trial 2 young rat
(#L39) fed-a pH 5.0 diet. Verv thin and sparse
trabeculae (arrows) are eviden'.. H & E, X75.

B. Femur longitudinal section of a Trial 2 young ratI(nL'2) fed a pH 5.8 diet. Moderately thick tra-beculae (horizontal arrows) with a small amount

of retained chondrold core (vertical arrow) are
oV I dent . I & F, X75.

C. Femur longitudinal section of a Trial 2 young rat
(#1,31) fed a pH G.6 diet. The thick trabeculae
(hOrizontal arrows) with considerable retained

chondroid core (vertical arrows) are evident.
if & F., X75.

D. Femur longitudinal section of a Thial 2 young rat
(#L34) fed a pH 7.4 diet. The diaphysis Is
extens-_ively laced with trabecular bone (horizontal
arrows) which contains an abundant amount of
retained chondroid core (vertical arrow).
11 & E, X75.
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VI. SUMMARY

1. Calcium depletion produces osteopenia ("osteo-

porosis") in the young rat, through the mechanisms of in-
* creased bone resorption and decreased bone deposition.

2. Calcium repletion of the young rat overcomes this

V "osteoporotic" condition through increased bone deposition

and decreased resorption.

3. Increasing the repletion diet Ca level from 0.22 to

0.78•% improves the degree of recovery from "osteoporosis" in

young rats.

4. Old rats are more refractory to changes in diet Ca,

probably due to a smaller exchangeable Ca pool in the bone of

older animals. Nevertheless, increasing the repletion diet

Ca levl 'r.om 0.22 to 0.78% Increases bone density In old

rats. This finding gives hope that, despite the refractori-

ness of mature bone, a diligent program of Ca supplementation

might overcome the effects of "osteoporosis" in older indi-

viduals.

5. Serum HF may be a useful tool for the early diagno-
4.

"sis of "osteoporosis" in the aged when other clinical signs

are still negative.

6. With increased diet Ca, femur K percent in ash is

decreased in both young and old rats. This probably repre-

sents a cation exchange or a decrease in the extracellular

t'luid content and/or matrix of bone with increased minerali-

zation.

4 *1"
*
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7. With the exception of K, bone (as a tissue) is

chemically unaffected by diet treatment. Age, on the other

hand, creates s;ome signif'icant differences in femur mineral j
%composition. These differences include higher femur Ca, Mg,

I - Na, Cu, Fe and Zn and lower femur K and Mn percent in ash

with increased age.

8. Increasing diet protein results in increased bone

turnover at both bone surfaces, as well as increased CA and

hzone density in young rats. Total cortical thickness, PCA

and CI, however, are reduced. Therefore, in the young grow-

in- rat, maximal skeletal gro)wth rate stimulated by high

diet protein may be Incompatible with optimal skeletal char-

acteristics.

9. Excess diet protein results in osteopoenia in old

rats. This undesirable skeletal characteristic is not de-

tectable by radiogrammetry or mineral analyses.

10. High acid diets cause "osteoporosis" (a general

bone loss) in rats, through increased osteocytic resorption

of bone. However, chemically, the remaining bone (as a

tissue) is unchanged by diet acidity.

S4 11. Magnesium deficiency characterized only by sub-

clinical nephrocalcinosis can be induced in young growing

female rats fed 0.041-0.053% diet Mg.

a * 12. Increased diet Ca decreases the severity of Mg

deficiency-induced nephrocalcinosis.

13. Severe chronic metabolic acidosis (as seen in T2ial

1 of the present study), characterized by decreased serum Ca,

.~~~~~_ 7" -- - - - - - -
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perpetuates the severity of Mg deficiency-induced nephro-

calcinosis.
14. A less severe chronic metabolic acidosis (as seen

in Trial 2 of the present study), characterized by normal

& serum Ca levels, reduces the severity of Mg deficiency-

induced nephrocalcinosis.

* 15. Chronic metabolic alkalosis (as seen in Trial 2 of

the present study) reduces the severity of Mg deficiency-

induced nephrocalcinosis.

16. Magnesium deficiency-induced nephrocalcinosis is

an intracellularly-initiated dystrophic calcification.

17. Clearly, more information about the mechanism of

renal and other soft tissue calcification is needed. Once

these mechanisms are fully understood, it might be possible

to therapeutically or even nutritionally block these mechan-

isms and prevent nerhrocalcinosls, rather than treat the

clinical syndrome after it has occurred.

18. When the diet Ca:F ratio is either low or high,

the serum cholesterol levels of both young and old rats are

lower than when the diet Ca:P ratio is nearly equal.

19. Excess diet protein results in decreased serum

cholesterol levels in both young and old rats.

* 20. Diet acidity has a quadratic effect on serum
0

cholesterol levels in both young and old rats.

21. Old rats have higher serum cholesterol levels than L

young rats. r
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The tables In the Appendix tabulate all the data

collected in tnis study. An exulauiation of the headings

used in these tables Is as follows:

CBJ Observation number.

e AGE Age of rat, mature (.) or young (Y).

GAil Diet calcium, %.

PROT Diet protein, %.

A Diet acidity, acid-added (A) or
natural (N).

PH "Diet pH.

RG Rat group replication number.

21•!O Individual rat number.

AD Femur air dry weight, mg.

'KGC Femur weight in water, mg.

V, CC Femur volume, cc.

Femur specific gravity, unit.

i'•D Femur fat-free dry weight, mg.

"i'D/AD FFD/AD, %.

#SH Femur ash, rig.

A 3H/AD ASH/AD, %.

ASH/FFD ASH/FFD, %.

ASH/cc Femur ash/cc, mg.

MGCA Femur calcium, mg.

UG1MG Femur magnesium, ug.

T Femur total subperiosteal diameter, mm.

_ M Femur meduilary cavity diameter, mm.

C Femur total cortical thickness, mm.

II
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2

CA Femur cortical area, mm

PCA Femur percent cortical area, ,.
j

CI Femur cortlal index, unit.

PCASIICA Femur calcium percent In, ash, %.

FCASHMG Femur magnesium percent In ash, %.

PCASHNA Femur sodium percent in ash, %.

PCASUK Femur potas-ium percent in ash, %.

PCASIICU Femur copper percent in ash, %.

PCASVPFE Femur iron percent in ash, ?.

PCASEIMN Femur manganese percent in ash, %.

PCAFH-,ZN Femur zinc percent in ash, %.

KIDCA Kidney calcium, ppm.

KIDT.7 Kidney magnesium, ppm.

;ICA Heart calcium, ppm.

H M.C Heart magnesium, ppm.

SCA Serum calcium, mg/100 ml.

SEQ Serum magnesium, mg/lO0 ml.

SHp Serum hydroxyproline, ug/lOO ml.

SC Serum cholesterol, mg/0O0 ml.

SP Serum protein, g/100 ml.

IW Initial weight, g.

DW Depletion weight, g.

SRW Repletion weight, g.

SW Standardization weight, g.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 4
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